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ABSTRACT OF THE DISSERTATION

Enhancing the Phase Separation Rate of Aqueous Two-Phase Systems

for Applications in Point-of-Care Diagnostics

by

David Pereira
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2017

Professor Daniel T. Kamei, Chair

Aqueous two-phase systems (ATPSs), traditionally utilized in industrial bioseparations,
are showing increasing potential as an approach for concentrating components in paper-based
point-of-care bioassays. Specifically, our lab was the first to demonstrate that ATPSs can
increase the sensitivity of the lateral-flow immunoassay (LFA) by concentrating biomarkers into
one of the two phases, after which, the phase containing the concentrated biomarkers was
extracted prior to their detection. While this method demonstrated consistent improvements to
the LFA, its applicability in point-of-care settings was restricted by two main factors. First, the
time to separate into two distinct phases varied among different classes of ATPSs, but usually
required hours to achieve effective biomolecule concentration. Second, the method required
several user steps in the form of sample mixing with the ATPS components, and the subsequent
extraction and application of the phase containing the concentrated biomolecule to the LFA after

phase separation occurred. More recently, our lab demonstrated that when the mixed,



homogenous ATPS was applied to a paper membrane, phase separation was observed within the
paper membrane itself as the solution wicked across the paper. This largely unexplored
phenomenon reduced the phase separation time of a polyethylene glycol (PEG)-salt ATPS from
hours in a tube to minutes on paper.

This thesis focuses on advancing the phenomenon of paper-based phase separation as a
means of enhancing the phase separation rate of ATPSs and making them more suitable for
point-of-care applications. First, we extended the paper-based phase separation phenomenon to a
naturally slow phase separating system, the Triton X-114 ATPS. Next, we investigated the
dehehydration of the phase forming components directly into the paper matrix, and the
subsequent phase separation upon resolubilization of the components by a liquid sample. Within
these two investigations, the ATPS was then integrated with the LFA to improve the detection of
biomarkers of infectious diseases such as malaria and chlamydia. Furthermore, we investigated
the use of the Washburn equation as a mathematical framework to describe the flow behavior of
ATPS phases within porous media in order to better predict phase separation behavior within
paper.

The Triton X-114 ATPS is a micellar ATPS that is comprised of the Triton X-114
nonionic surfactant. This particular ATPS, previously used by our lab to concentrate biomarkers
for the LFA, is one of the slowest separating systems, partially due to the small interfacial
tension and density difference between its two phases (the micelle-poor and micelle-rich phases).
We applied the Triton X-114 ATPS to paper membranes and demonstrated, using a distinctively
different design in which the solution flows vertically up a multilayered paper wick, that paper-
based phase separation can also be achieved with the Triton X-114 system. In this case, we found
that gravitational effects had no influence on the flow of the dense gold nanoparticles as the less

dense micelle-poor phase containing the gold wicked ahead of the micelle-rich phase. This was



the first time that a micellar ATPS was applied directly to a fiberglass paper membrane to
significantly speed up its macroscopic separation from at least 8 hrs in a test tube to
approximately 3 min on paper. The paper-based Triton X-114 ATPS was then integrated with the
LFA to simultaneously concentrate a malaria protein biomarker into the leading micelle-poor
phase, and then detect it without the need of a user-dependent phase extraction step. The single-
step integration improved the LFA detection limit for the protein by 10-fold in buffered saline
and complex serum media. This was also the first time within our lab that we concentrated an
infectious disease biomarker in complex biological fluids.

The design used for the abovementioned Triton X-114 study is applicable when dealing
with oral and vaginal swab samples as the swab would need to be mixed with a buffer solution to
solubilize the target. However, in urine, saliva, or blood applications, one would prefer to just
add the biological fluid to the device. The second focus of the thesis was therefore to further
improve the user-friendliness of the ATPS-LFA integration by removing initial sample
preparation steps. To achieve this, we investigated the novel concept of sequential rehydration of
the two-phase components that were initially dehydrated into the paper matrix as a way to
achieve paper-based ATPS phase separation. We used two different polymer-salt ATPSs: the
PEG-salt system and the UCON-50-HB-5100 (UCON)-salt system, optimizing the component
concentrations and rehydration order to yield the appropriate phase separation conditions for
each system. Upon rehydration of the components, phase separation successfully occurred within
the paper, leading to the formation of a leading polymer-poor phase and a lagging polymer-rich
phase. As mentioned above, the benefit of this method is that a biological sample no longer
needs to be manually mixed with the components and instead can be directly added to the device.
These dehydrated systems were then integrated with the LFA to produce paper-based assays in

which all the necessary components for target concentration and detection were stored within the
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paper matrix. The dehydrated PEG-salt ATPS and UCON-salt ATPS were integrated with the
LFA to simultaneously concentrate and detect large Chlamydia trachomatis whole bacteria and
smaller human IgM antibodies, respectively. Ultimately, our designs demonstrated 10-fold
improvements to the detection limits for both Chlamydia trachomatis and IgM, and could
therefore improve LFA sensitivity without adding steps to the user. These exciting developments
solve the initial limitations of the ATPS-LFA integration, making their use as point-of-care
diagnostic devices for infectious diseases one step closer to reality.

Although paper-based phase separation of several different agqueous two-phase systems
have been experimentally demonstrated, there is a need for a mathematical model that can
accurately predict two-phase system wicking behavior in paper-based devices, as it would
benefit the process of device design. We decided to evaluate the Washburn model as a
framework for fluid flow of the PEG-salt ATPS and Triton X-114 ATPS in porous media. Using
a combination of imbibition studies and characterization of the Washburn fluid parameters for
each individual phase, we determined that the viscosity difference between the two phases is a
dominant factor in the ability of a given ATPS to phase separate in paper. More specifically, the
Washburn model correctly predicts that the less viscous phase will constitute the leading phase,
independent of flow direction in a horizontal or vertical orientation. In this validation of the
model, we then applied it to predict the phase separation capabilities of two polymer-polymer
systems, the PEG-Dextran system and the PEG-polyacrylic acid (PEG-PAA) system. We
predicted and successfully demonstrated that the PEG-PAA system could phase separate due to
its large enough difference in phase viscosities, while the PEG-Dextran system could not phase
separate due to its small viscosity difference. Furthermore, this theoretical framework was
extended to predict the phase separation of ATPSs in polyethylene glycol dimethacrylate-based

microporous hydrogels. We were able to predict and show for the first time that phase separation
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of various ATPSs could be achieved within hydrogels, demonstrating that the phase separation

enhancement phenomenon can occur in various types of porous media.
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Chapter 1. Motivation and Background

1.1 Introduction

1.1.1 Infectious Disease Detection in Resource-Poor Regions

Over 95% of deaths related to major infectious diseases (including malaria, acute
respiratory infections, HIV, and tuberculosis) occur in resource-poor countries that have limited
access to electricity, laboratory equipment, and trained personnel [1]. Many of these deaths
would have been preventable had the disease been diagnosed at an early enough stage in its
progression. Developing reliable diagnostic tests that can be used at the point-of-care (POC) can
result in earlier disease diagnosis, improved patient treatment, and more efficient outbreak

prevention.

The World Health Organization Sexually Transmitted Diseases Diagnostics Initiative
established a set of generic development guidelines for diagnostic assays to be used in resource-

poor settings. These guidelines are summarized under the acronym ASSURED [2]:

e Affordable by those at risk of infection

e Sensitive (low occurrences of false positives)

e Specific (low occurrences of false negatives)

e User-friendly (simple to use and requiring minimal training)
e Rapid and robust

e Equipment-free

e Delivered to those who need it



These guidelines primarily aim to provide same-day diagnosis and therefore increase the total
number of tests for these infections. While the most applicable assay that can be used for each
ASSURED criterion depends on the disease or condition, the success of a specific assay
generally relies on how well it satisfies all or most of the overall criteria relative to other assays
(Table 1.1). For example, although the polymerase chain reaction (PCR) may be highly sensitive,
it is generally not affordable, equipment-free, user-friendly, nor deliverable to rural areas.
Therefore, current PCR technologies have not seen widespread use in these areas and have

instead been limited to laboratories in the developing world.

Table 1.1 Advantages and disadvantages of common diagnostic assays and tests.

Advantages Disadvantages Time to Obtain Results

Enzyme-linked High throughput; Requires lab equipment 3-5 days
immunosorbent assay sensitive; can be and power; requires
(ELISA) affordable multiple steps and

personnel training
Polymerase chain Very sensitive Requires power and 2-3 days
reaction [3] temperature control
Lateral-flow Minimal training Low sensitivity; not high-  15-30 minutes
immunoassay [4,5] required; rapid results; throughput

no power necessary;
affordable paper

materials
Cell culture and Can be sensitive and Bulky equipment; 1-2 weeks
microscopy [6] specific requires trained

personnel

1.1.2 The Lateral-Flow Immunoassay
One particular assay with potential in POC settings is the lateral-flow immunoassay
(LFA). LFAs utilize antibodies to target a specific antigen, and use a colorimetric indicator,

usually either gold colloidal nanoparticles or latex nanoparticles, to produce a readable signal.



Figure 1.1 illustrates a typical LFA configuration, which is comprised of several sequential zones

that are typically comprised of different paper materials.

Sample Conjugate Nitrocellulose  Absorbent
Pad Pad Membrane Pad

[ l Ygl_Y . I : \

N

Test Line Control Line

Figure 1.1 General schematic of a lateral-flow test strip.

In an LFA test, the sample solution is added to the sample pad located at the lower end of
the test strip. The sample pad can be pretreated with blocking agents that enhance the lateral flow
and prevent nonspecific binding of sample antigens to the paper membrane. The sample pad is
typically made of either cellulose or glass fiber materials. This pad may also act as a filter for
large particulate contaminants or other particles, such as red blood cells, that may be present in
the sample. The second component is the conjugate pad, which contains dried and immobilized
conjugate particles that are the colorimetric indicators of the test. In commercial tests, this
particle is typically colloidal gold or a latex bead, but other possibilities include enzyme
conjugates, other colloidal metals (e.g., silver nanoparticles), and fluorescent or paramagnetic
particles. The third component is the nitrocellulose membrane which contains the test and control
lines that constitute the detection zone. Finally, the absorbent pad wicks excess solution and acts
asasink to drive fluid flow across the strip. For this purpose, the absorbent pad is commonly

made of a high-density cellulose material.



The assay format can be either sandwich (direct) or competitive (inhibitive). Sandwich
assays are typically used to detect biomarkers with multiple antigenic sites, such as human
chorionic gonadotropin (hCG), viruses, or bacteria. Antibodies specific to the target of interest
are immobilized on the test line, while the same or similar antibodies that are also specific for the
target are conjugated to the colorimetric gold indicator. The colloidal gold-antibody complex is
henceforth referred to as a gold nanoprobe. Secondary antibodies specific to the primary
antibody on the gold nanoprobe are typically immobilized on the control line. If the target
molecules are present in a given sample, they will first bind to the antibodies on the gold
nanoprobes. As the nanoprobe-antigen complexes move up the LFA strip, the target will also
bind to the antibodies on the test line. In this case, a positive result is indicated by the presence of
a red-colored test line, which results from the trapping of the gold nanoprobes at the test line
region (Figure 1.2). Alternatively, a negative result is indicated by the absence of a test line as
the gold nanoprobes will not become trapped at the test line region. When the nanoprobes pass
the control line region, they will bind to the immobilized secondary antibodies and will also
produce a visible control line. The control line is necessary to verify that the fluid and the gold

nanoprobes have indeed flowed up the strip.
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Figure 1.2 Schematic of positive and negative results for the sandwich LFA format.

Competitive formats are typically used to detect small molecules or molecules with a
single antigenic site, which cannot bind to two antibodies simultaneously. In this format, the
target itself, or a portion of the target (such as a nontoxic chain of a toxin molecule), is
immobilized to the test line region of the nitrocellulose membrane. Primary antibodies that are
specific for the target are conjugated to the gold nanoprobes, and secondary antibodies that are
specific to the primary antibody are immobilized on the control line. If the sample contains
enough target molecules to saturate the target-specific antibodies on the gold nanoprobes, the
nanoprobes will be unable to bind to the immobilized target on the test line and will bypass the
test line altogether (Figure 1.3). Thus, the absence of an apparent test line indicates a positive
result. If the sample does not contain enough of the target, the gold nanoprobes will contain some

unsaturated antibodies. These antibodies will instead bind to the immobilized target on the test



line, and form a visible test line indicating a negative result. A control line should still be visible

to indicate avalid test, irrespective of the result on the test line.

Absorbent Pad Absorbent Pad \Y’ Primary antibody

Secondary antibody

ﬁ. ~ . |
- I - i Eb Gold nanoprobe

(] Target antigen

Direction of flow

Sample Pad Sample Pad

POSITIVE RESULT NEGATIVE RESULT

Figure 1.3 Schematic of positive and negative results for the competitive LFA format.

The fact that the LFA requires small sample volumes, requires minimal power and
equipment, and yields rapid results makes it an attractive option as a POC assay that fulfills
many ASSURED criteria. However, the LFA has been known to demonstrate limited sensitivity
when compared to more sophisticated laboratory-based assays. While it has embraced
commercial success in the form of pregnancy tests, this is largely due to the high concentrations
of hCG that are present in women at the onset of pregnancy [7]. The LFA has demonstrated
market potential in disease diagnosis, as well as food safety, environmental monitoring, and
military and biodefense [4]. However, the inability to reliably detect biomarkers in low
concentrations has limited the widespread use of the LFA in these segments. Several methods

have been proposed to improve LFA sensitivity, which is linked to a decrease in the detection
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limit. Some of these methods include the use of fluorescent particles and signal amplification [8—
10]; however, another method is to concentrate the biomarker target prior to its application to the

LFA test.

1.2 Overview of Aqueous Two-Phase Systems (ATPSs)

1.2.1 Types of Two-Phase Systems

Aqueous two-phase systems (ATPSs) are biphasic systems that have been extensively
used for the separation of cells, membranes, viruses, proteins, nucleic acids, and other
biomolecules. These systems are used in a liquid- liquid extraction format and can be easily
scalable and require minimal equipment compared to other molecule concentrating methods such
as pellet-based and membrane-based centrifugation [11]. Since both phases of an ATPS are
predominantly comprised of water, they provide a milder environment for biomolecules than
conventional oil-water systems. The separation of polymer or micellar solutions into two phases
occurs under a variety of conditions, depending on the number and chemical nature of the

components.

Three of the most common types of ATPSs include polymer-polymer, polymer-salt, and
micelle-based systems. One common polymer-salt system is the polyethylene glycol (PEG) and
phosphate salt system. In the PEG-phosphate salt system, phase separation can be induced when
the phosphate salt concentration is above a critical value. From a mechanistic viewpoint, the
addition of phosphate salt ions act to disrupt hydrogen bonds between water molecules and PEG
polymers [12,13]. As these bonds are disrupted, nearby PEG polymers are allowed to approach
each other and experience greater attractive van der Waals interactions. These interactions
between PEG polymers become more favorable while the interactions between PEG and water

become less favorable. Pockets of polymer-rich domains and salt-rich domains are then formed
7



in solution, which continue to coalesce over time. As these domains become larger in size, they
migrate according to their relative densities. Since the salt-rich domains tend to be more dense,
they move downward relative to the PEG-rich domains. This ultimately results in the formation

of a top PEG-rich phase and a bottom salt-rich phase.

Micellar ATPSs are composed mainly of water and surfactants. In this thesis, the phase
separation of solutions containing the nonionic surfactant Triton X-114 was investigated. At
concentrations above the critical micelle concentration (CMC), the Triton X-114 molecules self-
assemble to form micelles. In these micelles, the hydrophobic tails assemble in the center to
minimize contact with water, and the hydrophilic heads align at the micelle surface to maximize
their interactions with water. The Triton X-114 ATPS exhibits a homogenous, isotropic phase at
low temperatures. At temperatures above a certain critical point, the solution undergoes
macroscopic phase separation to yield a top, micelle-poor phase and a bottom, micelle-rich
phase. The phase separation mechanism has some similarities with that of the PEG-salt system.
In this case, hydrogen bonds between water molecules and the hydrophilic heads of the micelles
are weakened with an increase in temperature. The interactions between the micelles and water
molecules become less favorable, and the interactions between micelles become more favorable
due to their increased van der Waals interactions as they approach each other. This allows the
formation of micelle-rich domains and micelle-poor domains, which also coalesce with their

respective domains and move according to density differences.

Generally, an ATPS will arise only when the phase system components are present in a
certain range of proportions. The concentrations at which phase separation will occur are
represented in a phase diagram. Figure 1.4 shows an example phase diagram for a PEG-salt
system in water. The curved line is called the bimodal or coexistence curve, and it delineates the
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two-phase region (above the binodal) from the one-phase, homogeneous region (below the
binodal). Pairs of points that lie on the binodal are called nodes, and the lines joining them are
called tie lines. These tie lines vary in length and provide information on the final component
concentrations in each phase, as well as the volume ratio of the resulting solution. This volume
ratio is generally defined as a ratio between the volume of the top phase and the volume of the
bottom phase, and varies depending on the position of the specific condition on the tie line. For
example, a condition at point A will produce two phases equal in volume (1:1 ratio), whereas a
condition at point B will produce a large PEG-rich phase relative to the salt-rich phase. Point C
dictates the critical point. At the critical point, the concentrations and the volumes of the two
phases become nearly equal. Phase diagrams are generally empirically developed, but provide a

valuable means of predicting the characteristics of a system from specific initial conditions.

Two-phase region
Bottom phase volume

/

Top phase volume

PEG (w/w%)

C

One-phase region

Phosphate salt (w/w%)

Figure 1.4 A generic phase diagram for a PEG-phosphate salt system. Point A represents a two-phase system
with equal volumes of phases. Point B represents a two-phase system with a large top phase volume and a small
bottom phase volume. The relative volumes of the two phases can be predicted from the length of the tie line on
either side of the system’s initial condition. The relative bottom phase volume is highlighted with the blue bracket,
while the relative top phase volume is highlighted with a green bracket. Note that point B lies on a different tie line
than point A. Point C represents the critical point.



1.2.2 The Time of Phase Separation

The time required for the phases of a two-phase system to separate can greatly vary
depending on the system (Table 1.2). The primary factors that determine this time include the
difference in density between the two phases, their interfacial tension, their viscosities, the time
required for small droplets to form and coalesce, and the resulting volume ratio of the two phases
[14]. Generally, if the more viscous phase is larger in volume relative to the other, then the
separation and settling time tends to be longer than if the less viscous volume is larger in volume.
This is possibly due to the greater drag force on the microdomains of the smaller phase as they

try to coalesce and move to their respective macroscopic phase.

Table 1.2 Approximate phase separation times of extreme wolume ratios in various two-phase systems.

Phase system Times
Polyethylene glycol — dextran sulfate 1 hour [14]
Polyethylene glycol — phosphate salt 1-2 hours*
Polyethylene glycol — dextran 1-2 hours*
Triton X-114 micellar 8 hours*
Dextran — methylcellulose 12 hours [14]

*experimentally determined by our research group

The phase separation is also described as dependent on the tie line length (TLL) on the
phase diagram. According to Albertsson, at a condition that is close to the critical point (a short
TLL), the small density difference and small interfacial tension between the two phases results in
an increase in settling time [14]. Moving away from the critical point, asthe TLL increases,
faster settling times are observed due to increases in the density difference and interfacial
tension. However, at conditions that are considerably far away from the critical point (a very
long TLL), the polymer concentration and viscosity become large enough that it can lead to a
longer settling time. Studies by Asenjo and coworkers modeled the phase separation rate of
PEG-salt systems as a function of the viscosity of the dominant phase, the interfacial tension, and
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the density difference between the two phases [15]. According to their models, the solutions with
a dominant salt-rich phase (in which the salt-rich phase produced the larger relative volume after
separation) were able to separate faster, mostly due to an increased difference in density. In cases
when the top PEG phase is the dominant phase, the density difference still plays a role, but it
needs to compete with the effect of the increased viscosity attributed to the PEG polymers. This

results in a slight decrease in the phase settling time.

1.3 Applying Aqueous Two-Phase Systems in Diagnostics

The combination of ATPSs with the LFA was first developed by our group, and in the
area of paper-based diagnostics, this integration represents our lab’s significant contribution to
this emerging field. The use of the Triton X-114 micellar ATPS was initially used to concentrate
bacteriophage M13 (M13), a model virus that is similar in size to the Ebola virus [16]. The large
M13 bacteriophage was shown to partition extremely to the bottom micelle-poor phase due to the
repulsive, steric and excluded-volume interactions between the virus and the Triton X-114
micelles. Models of partitioning and concentration factor show that the extent of concentration
could be manipulated simply by varying the ATPS volume ratio. For example, a concentration
factor of 10 was achieved by using a 1:9 volume ratio to produce a top phase that was one-tenth
the total volume. As predicted, this 10-fold pre-concentration translated to a 10-fold

improvement in the LFA detection limit for M13.

The Triton X-114 micellar system was also used to concentrate a model protein
transferrin (Tf) [17]. In this case, the smaller Tf did not experience enough repulsive excluded-
volume interactions to experience extreme partitioning behavior to one of the two phases. To
address this issue, the gold nanoprobes used as colorimetric indicators for the LFA were injected

into the mixed ATPS solution. The gold nanoprobes were approximately 20 nm in diameter, and
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therefore, experienced a greater excluded-volume effect and partitioned to the top micelle-poor
phase after capturing the target in solution. In this case, the target protein was concentrated 10-
fold by concentrating the nanoprobes used to capture them. This “fishing” technique also

resulted in a 10-fold improvement in the LFA detection limit for Tf.

This proof-of-concept approach has been extended to the PEG-phosphate salt ATPS,
which has a shorter phase separation time. This system was used to concentrate M13 and
transferrin in a predictable manner, which also led to improvements in their detection limits
when applied to LFA [18,19]. Overall, our group was able to utilize various ATPSs to
concentrate proteins and viruses. This additional concentration step provided a means of
significantly improving the detection limit of LFASs in a relatively simple and user-friendly
manner. This two-step method can be improved however. Implementing the ATPS will result in
an increased overall assay time, asthe solutions must be given time to phase separate. Depending
on the ATPS that is used, this step can be the bottleneck in time that may render the test
impractical. Furthermore, the phase containing the concentrated biomarker must be extracted and
applied to the LFA strip. This step is subject to variability if the assay user is not properly trained

in the extraction technique.

1.4 Simultaneous ATPS-Based Concentration and LFA-Based Detection in a
Paper Device

More recently, our group achieved a significant reduction in the macroscopic phase
separation time of a PEG-phosphate salt ATPS by applying it directly to a paper-based device
[20]. Rather than applying the concentrated sample after phase separation is completed, this
approach enables the direct addition of a sample that has been mixed with the PEG and

phosphate salt components directly into a fiberglass membrane. Through this newly discovered
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phenomenon, a well-mixed homogenous solution was shown to rapidly separate into its two
phases as it flowed through the paper membrane, allowing for paper-based concentration of
biomolecules in a predictive manner. To our knowledge, this was the first time that a paper

membrane was used to facilitate the phase separation of an aqueous two-phase system.

The addition of ATPS to paper was particularly helpful in our diagnostic application of
ATPSs. First, it significantly shortened the phase separation time for the PEG-salt system. Also,
the salt-rich phase containing the target of interest was found to flow first at the fluid front, so
the setup could be linked directly to an LFA strip and an intermediate phase extraction step was
no longer necessary. These two factors shortened the overall assay time, allowing for a complete
result within 22 min of the start of the test. To further capitalize on the phenomenon, the paper
device was expanded vertically to increase the cross-sectional area of flow and exploit potential
gravitational effects on the macroscopic phase separation process. By adding this 3-D
component, our group achieved paper-based phase separation of solutions designed to produce
9:1 volume ratios in tubes. Accordingly, the salt-rich phase was sent to a small region in the fluid
front and the partitioned target was seen to be more concentrated within the paper membrane
(Figure 1.5). When the integrated system was used to detect transferrin, it still demonstrated a
10-fold improvement in detection limit, indicating that addition of the ATPS onto paper resulted

in no sacrifices in sensitivity.
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Figure 1.5 A PEG-salt solution was seento phase separate in a 3-D paper architecture.

Our lab’s work in combining LFA with ATPS represents a novel contribution to this field

of paper-based diagnostics that recently has had other advances in concentrating molecules

[21,22] and improving analytical detection [23-28].

1.5 Concluding Remarks and Thesis Overview

The mechanism of paper-based ATPS phase separation and how it can enhance the phase
separation rates are still largely unexplored. Therefore, this thesis aims to further extend the
phenomenon to a wider variety of systems and to start investigating ways that this phenomenon
can be modeled so that it can be better incorporated into device designs and applications in the
future. Since the PEG-salt system phase separates relatively fast compared to most aqueous two-
phase systems, we investigated the Triton X-114 micellar system and its potential for phase
separation in paper, as this system is one of the slowest phase separating systems. We then aimed
to further simplify the ATPS-LFA design to eliminate user steps completely. To achieve this, we
investigated dehydrating the phase forming components directly into the paper matrix and using

the sample fiuid to sequentially rehydrate the components to promote phase separation. These
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techniques were all coupled with the LFA to detect appropriate biomarkers for infectious
diseases. Throughout this process, we aimed to detect relevant disease biomarkers for malaria
and chlamydia, and aimed to detect these biomarkers in complex fluids such as serum.
Furthermore, we investigated the use of the Washburn equation as a mathematical framework to
describe the flow behavior of ATPS phases within porous media, and used the framework to
predict phase separation of various two-phase systems within paper, and for the first time, within

hydrogels.
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Chapter 2. Paper-Based Triton X-114 Micellar ATPS for Malaria

Detection

2.1 Introduction

2.1.1 Malaria Background

An estimated 627,000 malaria-related deaths occurred in 2012, most of which were
young children in sub-Saharan Africa [1]. In these areas, malaria is the leading cause of illness
and death. The disease is caused by Plasmodium parasites that are transmitted to humans through
infected Anopheles mosquitoes. There are four main parasite species that cause malaria in
humans: Plasmodium falciparum, Plasmodium vivax, Plasmodium malariae, and Plasmodium
ovale. Malaria caused by P. falciparum is the most common and the most deadly. Although
artemisinin-based treatment options exist, the key to effective management of malaria is early
and accurate diagnosis, which is extremely difficult to obtain in rural clinics that do not have

adequate access to power, laboratory equipment, or basic health care infrastructure.

2.1.2 Methods of Detecting Malaria

The current gold standard diagnosis method is the detection of malaria parasites from a
drop of patient’s blood under a microscope, spread out as a “blood smear” on the microscope
slide. Giemsa stains are commonly used to visualize parasite-infected cells. However, this
method depends on the availability and quality of reagents and equipment, as well as on the
expertise of the technician. PCR may be used to detect parasite nucleic acids, and may provide
greater sensitivity than microscopy. However, PCR has seen limited use in clinics primarily
because results are not available quickly enough to be of value in the diagnosis. In addition, in

rural areas, clinics lack access to microscopes and PCR equipment, so there is a critical need for
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accurate, inexpensive, and user-friendly tests that can be used in areas where these technologies

are logistically impractical.

Rapid diagnostic tests (RDTs) are designed to provide a useful alternative to microscopy
in situations when microscopy is not an option. These RDTSs tend to detect parasite biomarkers
rather than the parasite itself. The most common biomarkers include the histidine-rich protein-2
(HRP-2), Plasmodium lactate dehydrogenase (pLDH), and Plasmodium aldolase (pAldo). HRP-2
is a histidine- and alanine-rich, water-soluble protein that is expressed only in P. falciparum
species. In addition, these antigens persist for about two weeks in the circulating blood after the
parasitaemia has cleared, which may compromise their value in follow-up tests for active
infection [29-31]. On the other hand, pLDH does not persist in the blood after treatment.
Furthermore, it is expressed not only by P. falciparum, but also by P. vivax, P. malariae, and P.
ovale. These differences suggest that RDTs will also differ in their detection capabilities

depending on their target of interest.

Currently, there are several commercially available malaria RDTs that target one or
multiple biomarkers. These RDTs have been tested in laboratory settings as well as in the field,
and the reports of sensitivity have been mixed. For example, the BinaxNOW Malaria Test from
Alere Inc. (the first FDA-approved RDT for malaria in 2007) was shown to have sensitivities
ranging from 72.2% to 84.2% in laboratory settings [32,33]. However, as it only detects HRP-2,
reported sensitivities dropped significantly when testing for non-falciparum species [34]. Recent
RDTs have been designed to detect multiple species in a single test by detecting both HRP-2 and
pLDH, or various classes of pLDH. These include the First Response Malaria Ag Combo RDT

(Premier Medical Corporation Ltd) and the Carestart Malaria pLDH RDT (Access Bio, Inc.).
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Quality testing of these products has generated sensitivities between 74.3% and 91.4% [35,36],

indicating that these tests are also subject to variability.

2.1.3 Applying the Triton X-114 Micellar ATPS to Paper

As previously mentioned, our group achieved a significant reduction in the macroscopic
phase separation time of a PEG-phosphate salt ATPS by applying it directly to a paper-based
device [20]. Phase separation was reduced from about one hour to only 6.5 min. On the other
hand, the Triton X-114 micellar system phase separates much more slowly than the PEG-
phosphate salt ATPS. In fact, it would take at least 8 hours for a 1:9 volume ratio (top micelle-
poor phase to bottom micelle-rich phase) to establish phase separation equilibrium in test tubes,
which is not acceptable for POC applications. Here, we designed a novel paper-based setup,
which also incorporated 3-D architecture, and used it to enhance the phase separation time of the
Triton X-114 ATPS. By doing so, we demonstrated the capacity of paper membranes to
accelerate multiple types of ATPSs, including one of the slowest-forming known types. We also
integrated the 3-D paper setup to the LFA and used it to concentrate and detect malaria pLDH in
samples of PBS. Finally, we repeated the detection of pLDH in solutions of serum (fetal bovine
serum) to more closely mimic complex sample media, and determined the improvements in

assay time and detection limit over a conventional LFA setup.

2.2 Materials and Methods

2.2.1 Preparing Gold Nanoprobes (anti-pLDH GNPs)

The gold nanoparticles were prepared according to Frens and coworkers with slight
modifications [37]. Using this method, a solution of gold nanoparticles with an average
hydrodynamic diameter of 24 nm was obtained, which appeared as a dark cherry-colored

solution. The size of the gold nanoparticles was obtained by dynamic light scattering
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measurements using a Zetasizer Nano ZS particle analyzer (Malvern Instruments Inc,

Westborough, Massachusetts).

After forming the nanoparticles, the pH of a 1 mL gold nanoparticle solution was first
adjusted to pH 9 using 1.5 N NaOH. Subsequently, 16 uL of mouse monoclonal anti-
P.falciparum/P. vivax LDH antibodies (BBI Solutions, Cardiff, UK) ata concentration of
0.5mg/mL were added to the colloidal gold solution and mixed for 30 min on a shaker. To
prevent nonspecific binding of other proteins to the surfaces of the colloidal gold nanoparticles,
200 pL of a 10% w/v bovine serum albumin (BSA) solution were added to the mixture and
mixed for 20 min on a shaker. To remove free, unbound antibodies, the mixture was then
centrifuged for 30 min at 4<C and 12,000 rpm, followed by resuspending the pellet of colloidal
gold nanoparticles n 200 pL of a 1% w/v BSA solution. The centrifugation and resuspension
steps were repeated two more times, and after the third centrifugation, the pellet of gold
nanoparticles was resuspended in 100 uL of 0.1 M sodium borate buffer at pH 9.0. The gold
nanoparticles functionalized with anti-pLDH antibodies will henceforth be referred to as anti-
pLDH gold nanoprobes (anti-pLDH GNPs). The BSA-coated gold nanoparticles not
functionalized with antibodies were used for visualization purposes and will henceforth be

referred to as BSA-GNs.

2.2.2 Preparation and Visualization of Triton X-114 ATPS

Equilibrium volume ratios (the volume of the top phase divided by the volume of the
bottom phase) of the Triton X-114 ATPS were found by varying the initial w/w concentration of
Triton X-114 (Sigma-Aldrich, St. Louis, MO) in solutions of Dulbecco's phosphate-buffered
saline (PBS; Invitrogen, Grand Island, NY, pH 7.4, containing 1.47 mM KH,POy, 8.1 mM
Naz;HPOy4, 137.92 mM NaCl, 2.67 mM KCI, and 0.49 mM MgCl) and FBS (Invitrogen, Grand
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Island, NY). These solutions were allowed to phase separate and reach equilibrium at 25<C in a
temperature-controlled water bath. BSA-GNs in Triton X-114/PBS solutions exhibited favorable
partitioning to the top phase, while BSA-GNs in Triton X-114/FBS solutions partitioned
favorably to the bottom phase. Consequently, the conditions for a 1:9 volume ratio (i.e., volume
of the top phase divided by that of the bottom) for Triton X-114/PBS and a 9:1 volume ratio in
Triton X-114/FBS were found and used for further experiments. These volume ratios allowed for

a 10-fold concentration of the nanoparticles.

In order to visualize the two phases of the micellar ATPS in PBS, 100 | L of BSA-GNs
and 4 L of Brilliant Blue FCF dye (The Kroger Co., Cincinnati, OH) were added to 2.5 ¢
solutions containing the previously determined concentration of Triton X-114 for a 1:9 volume
ratio in PBS. These solutions were well-mixed through vortexing and incubated at 25<C. Pictures
of the solutions were taken hourly until reaching equilibrium at 8 hrs. Equilibrium was
established when the solution lost its cloudy appearance, all visible domains moved to their
respective phases, and the measured interface height remained stable. The cherry-colored BSA-
GNs and blue-colored dye were colorimetric indicators of the micelle-poor phase and micelle-
rich phase, respectively. All images were captured using a Canon EOS 1000D camera (Canon

U.S.A,, Inc., Lake Success, NY) in a controlled lighting environment.

To visualize the phase separation of the micellar ATPS in PBS within the 3-D paper
wick, 200 mg of a mixed, homogeneous solution containing 2 |L of Brilliant Blue FCF dye and
10 | of BSA-GNSs were vortexed and subsequently placed in a water bath at 25<C. The 3-D
paper wick was formed by stacking three 5 <15 mm fiberglass paper sheets on one edge of a 5 x

40 mm strip of fiberglass. After the prepared solution was incubated at 25<C for 5 min, the 3-D
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paper wick was placed vertically in the solution, allowing the paper stack to absorb the solution.

Images of the paper strip were captured at 0, 30, 60, and 180 s.

2.2.3 Detection of pLDH with LFA Only

LFA test strips utilizing the competitive assay format were assembled in a similar manner
to our previous studies [17]. In this format, immobilized P. falciparum L-lactate dehydrogenase
(pLDH; My BioSource, San Diego, CA, USA) constituted the test line and immobilized goat
anti-mouse 1gG secondary antibodies (Bethyl Laboratories, Montgomery, TX) specific to the
primary anti-pLDH antibody constituted the control line. If enough pLDH is present to saturate
the GNPs in a sample, the pLDH-GNP complexes moving through the LFA strip will not bind to
the immobilized pLDH on the test line, resulting in the absence of a visible colored band at the
test line. If pLDH is not present, unoccupied antibodies on the GNPs will bind the immobilized
pLDH, and a colored band will form at the test line region. Regardless of the presence of pLDH,
the antibodies on the GNPs will bind the secondary antibodies immobilized at the control line
and form a visible line, indicating successful sample flow through the strip. Therefore, a negative
result is identified by two colored bands (one test line and one control line), while a positive

result is identified by one colored band only at the control line.

To verify the detection limit of pLDH with LFA only, anti-pLDH GNPs were added to a
sample solution and allowed to bind pLDH present in the sample to form pLDH-GNP
complexes. 20 |L of sample solution, consisting of 10 |L of anti-pLDH GNPs and 10 |L of a
known concentration of pLDH in either PBS or FBS, were mixed with 30 L of running buffer
(0.2% BSA, 0.3% polyoxyethylenesorbitan monolaurate (Tween 20), 0.1 M Tris buffer, pH 8) in
a test tube. The LFA test strip was inserted vertically into the sample solution, which wicked
through the strip via capillary action upward towards the absorbance pad. Images of the test
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strips from both PBS and FBS samples were taken after 20 min in a controlled lighting

environment.

2.2.4 Detection of pLDH with 3-D Paper-Based ATPS and LFA

The design of the LFA test strip was slightly modified with the addition of the 3-D paper
wick. Specifically, the cellulose sample pad that connected to the nitrocellulose membrane was
replaced with a 5 <20 mm fiberglass pad. On top of this fiberglass pad, three additional strips of
5 %15 mm fiberglass sheets were stacked to form a total of four layers of fiberglass paper. The

fiberglass layers were tightly wrapped with Scotch tape adhesive (3M, St. Paul, MN, USA).

For detection of pLDH in PBS samples, 200 | L of a well-mixed 1:9 volume ratio ATPS
containing 10 L of anti-pLDH GNPs and a known concentration of pLDH were added into a
test tube. The solution was incubated for 5 min at 25<C to ensure the solution became turbid,
indicating the onset of phase separation, and to allow the GNPs to capture the pLDH in solution.
The 3-D wick-modified LFA strip was then placed in the mixed ATPS, and the flud was
allowed to pass through the 3-D wick towards the absorbent pad. Images of the resulting

detection region were captured after 20 min.

The detection of pLDH in FBS samples followed a very similar protocol, with the
exception that 200 |L of a mixed 9:1 volume ratio ATPS were prepared instead. Test conditions,
including incubation times and times for the lines to develop, were consistent with those for PBS

samples. Images of the detection region were also captured after 20 min.

2.2.5 Quantitative Analysis of LFA
The images of the LFA strips that were taken after 20 min were processed using a custom

MATLAB script. To quantify the LFA results, the images were converted to 8-bit grayscale
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matrices, which were then split in half so that the intensities of the control line and the test line
could be analyzed separately. The location of the control or test line in each half matrix was then
found by locating the darkest spot, or minimum intensity, detected by vectors perpendicular to
the lines. The average grayscale intensities of a 15 pixel-high rectangular region centered at the
average location of these minima and spanning the length of each line were denoted as ltes OF
lcontrol- The mean grayscale intensity of a reference region, denoted as lyeference, Was used to
normalize the intensities of the test and control lines by removing the effect of background color.
This reference region was set to be 15 pixels wide and 50 pixels upstream of the test line. The
signals of the control and test lines, respectively, are represented by the following equations:

—1

Signal control = Ir

eference control

Signaltest = Ireference - Itest
The resulting signal values were then converted such that high values correlated to dark regions
on the strip. High signal values thus indicated that a strong line appeared on the LFA strip, while

low values indicated that either a weak line appeared or no line appeared at all.
2.3 Results and Discussion

2.3.1 Triton X-114 ATPS Phase Separation in the Test Tube

In solutions of PBS above a certain temperature, the Triton X-114 micellar ATPS forms a
top, micelle-poor phase and a bottom, micelle-rich phase [38]. Molecules present in solution
partition between the two phases based on their physical and chemical characteristics, such as
hydrophobicity and size. It was previously shown that hydrophilic BSA-GNs partitioned
extremely into the micelle-poor phase, driven in large part by repulsive, steric, excluded-volume
interactions between the nanoparticles and the larger and more abundant micelles in the micelle-

rich phase [17,20]. Nanoparticles functionalized with specific antibodies can form complexes
23



with a target molecule, and these complexes will also partition extremely to the micelle-poor
phase. Nonfunctionalized BSA-GNs, which appear cherry-colored due to surface plasmon
resonance, [39,40] were used to visualize the resulting micelle-poor phase after phase separation.
In contrast, Brilliant Blue FCF dye is small and hydrophobic, and therefore, it partitioned
extremely to the micelle-rich phase. When added into a mixed ATPS solution, the blue-colored

dye was used to visualize the resulting micelle-rich phase after phase separation.

The time required to achieve phase separation varies among different two-phase systems.
For example, while the PEG-phosphate salt ATPS phase separates quickly relative to most two-
phase systems, the Triton X-114 micellar ATPS requires a significantly longer amount of time to
achieve macroscopic phase separation equilibrium due to the small density difference and
interfacial tension between the two phases. The phase separation time also increases with more
extreme volume ratios, such as 1:9 or 9:1, because one phase becomes proportionately much
smaller, and the microscopic domains of that phase experience difficulty coalescing. Images of
the 1:9 volume ratio ATPS in PBS were taken at specific time points at 25<C; complete
macroscopic phase separation equilibrium was not achieved until after approximately 8 hrs
(Figure 2.1a). The resulting micelle-poor phase volume was measured to be one-tenth of the total

solution volume, verifying a 1:9 volume ratio.
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Figure 2.1 Comparison of the times required to achiewve phase separation for a 1:9 volume ratio Triton X-114
system in PBS. Brilliant Blue FCF dye and cherry-colored BSA-GNs were the colorimetric indicators for the
bottom, micelle-rich and top, micelle-poor phases, respectively. (a) At 25<C, the Triton X-114 ATPS achieved
macroscopic phase separation equilibrium in 8 hrs in a test tube. (b) When the 3-D paper wick was applied to the
mixed ATPS, phase separation was already observed within the wick at 30 s, as the micelle-rich domains were
retained near the bottomof the wick and the micelle-poor domains were able to flow up the wick more freely. Upon
exiting the wick, the distinct phases remained separated from each other, and the micelle-poor phase remained
concentrated within a small volume at the leading front, indicating a more complete separation at 180 s (3 min).

2.3.2 Using Paper Membranes to Enhance Triton X-114 ATPS Phase Separation
Previously, our group utilized a 3-D architecture to significantly decrease the phase
separation time of the PEG-phosphate salt ATPS within paper membranes [20]. We
hypothesized that the multiple layers of paper is an essential factor for enhancing the phase
separation in paper. Thus, in a similar manner, a "3-D paper wick" consisting of multiple layers
of thin, tightly-bound paper strips was designed to increase the phase separation process of the
Triton X-114 ATPS. When the 3-D wick was placed upright into a mixed ATPS solution in PBS,
the solution flowed vertically up the strip. Almost immediately after the addition of the strip, the
micelle-poor phase containing GNPs quickly flowed ahead of the slower-moving micelle-rich

phase containing the blue-colored dye (Figure 2.1b). Note that the separation is already observed
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within the 3-D wick portion of the strip after approximately 30 s, with more complete separation

seen at 180 s (3 min) after the fluid has already exited the wick.

These experiments support our hypothesis that the additional layers of the wick provide
increased cross-sectional area normal to the direction of flow to aid in the coalescence of the
microscopic phase domains and allow a greater volume to wick through the paper in a given
time. Moreover, the less viscous micelle-poor domains are expected to move ahead more quickly
in the porous paper and coalesce, while the micelle-rich domains are expected to be held back
and move more slowly due to their greater viscosity and potential favorable interactions with the
paper material. As a result, macroscopic separation of the two phases, shown to occur on the
order of hours in a test tube, is witnessed within only a matter of minutes in the paper membrane.
An additional benefit of the 3-D paper wick is the processing of larger volumes of ATPS
solutions. Generally, the number of layers in the 3-D wick was increased to accommodate
solutions of larger volume. Factors that were optimized in the final design included strip length,
width, and number of strips. The optimal design was able to achieve complete phase separation
over the length of the wick, and minimize the distance required for the separated micelle-poor
phase to travel in order to exit the wick. To our knowledge, this is the first application of a paper
membrane to significantly enhance the phase separation time of a micellar ATPS that naturally
separates on a relatively large time scale. These paper-based architectures can potentially be used

to enhance many other two-phase systems that require even longer times to separate.

2.3.3 Enhancing Triton X-114 ATPS Phase Separation in FBS

In contrast to the PBS solutions, the Triton X-114 ATPS formed in FBS samples instead
produced a top, micelle-rich phase and a bottom, micelle-poor phase. This is likely due to the
density difference caused by additional proteins and salts found in FBS, as was seen in other
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Triton X-114 phase extraction experiments from complex fluids [41]. Since the GNPs instead
partitioned extremely to the bottom phase, it was then necessary to adjust the initial Triton X-114
concentration to produce a concentrated bottom phase with one-tenth of the total volume, orin

other words, a 9:1 volume ratio.

Since the orientation of the two phases is reversed in serum, we wanted to determine how
the reversed orientation may affect the phase separation in the 3-D paper wick. In fact, when the
3-D wick was placed in a mixed ATPS in FBS, we observed results very similar to those of the
PBS experiments. Accordingly, although the density difference drives the micelle-poor phase in
FBS to the bottom in a test tube, the micelle-poor phase still remains the faster phase to flow up
the 3-D wick. The micelle-poor phase is therefore the leading front irrespective of the phase
orientation dictated by relative phase densities in a test tube. This further corroborated our
hypothesis that the more viscous micelle-rich phase is consistently slower moving and held back
by the porous membrane, indicating that viscosity effects dominate over any density effects in

flow behavior of the micellar ATPS introduced to paper.

2.3.4 Improving LFA-Based Detection of pLDH in PBS

In a previous proof-of-concept study, our group utilized the Triton X-114 micellar ATPS
and GNPs to concentrate the model protein transferrin by 10-fold prior to its detection by LFA,
which successfully corresponded to a 10-fold improvement in the detection limit. However, the
point-of-care application of this approach was limited by the long wait time needed for the two
phases to macroscopically separate. In addition, the prior approach included an extraction step
during which the micelle-poor phase containing concentrated GNPs bound to transferrin was
withdrawn using syringe and needle sets and applied to a standard LFA strip. While our novel
application of the ATPS to paper would significantly decrease the phase separation time and
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address the first issue, eliminating this extraction step would also improve the ease-of-use. Since
the micelle-poor phase containing concentrated GNPs flows at the leading front upon exiting the
3-D paper wick, we attached the wick upstream of the nitrocellulose-based detection region of an
LFA paper strip. Doing so enables a seamless transition from the concentration step to the
detection step and eliminates the need for syringe extraction. The final design for the integrated
paper-based diagnostic strip is shown in Figure 2.2a. The 3-D wick (the concentration zone)
consisting of multiple layers of fiberglass paper strips is connected to a nitrocellulose membrane
with immobilized control and test lines (the detection zone), which is then connected to an
absorbent pad used as a sink to drive fluid flow. All the components are secured on an adhesive

backing, and the 3-D wick is dipped vertically in a turbid ATPS solution.
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Figure 2.2 Integrating the paper wick and Triton X-114 micellar ATPS with LFA. (a) The integrated diagnostic
strip consists of a concentration zone in which phase separation occurs, followed by a detection zone containing the
immobilized test and control line components. (b). A true negative test was confirmed within 20 min when
analyzing a solution containing no pLDH.
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In the pLDH detection tests, the Brilliant Blue FCF dye was no longer used, and
functionalized anti-pLDH GNPs were used in place of the BSA-GNs. The anti-pLDH GNPs
exhibit very similar partitioning behavior as the BSA-GNs, but will be able to capture pLDH and

act as a colorimetric indicator in the LFA.

First, the detection limit for the LFA-only control, which did not incorporate the ATPS
and 3-D paper wick, was identified using 20 |L of total sample volume. Since the LFA-only
control was able to successfully detect pLDH at 10 ng LL! but could not successfully detect
pLDH at1 ng |L?, its detection limit was determined to be 10 ng L. In order to show an
improvement in detection limit by detecting lower concentrations of pLDH, we exposed the
same number of GNPs used in the LFA-only control to the same number of pLDH molecules by
increasing the total volume of solution containing the lower concentration of pLDH. Although a
volume increase would typically dilute the GNPs and lead to a reduction in the amount of GNPs
entering the detection zone in a given period of time, the addition of the ATPS and 3-D wick is
expected to concentrate the GNPs into a small volume at the leading front. Effectively, the GNPs
are exposed to the same amount of pLDH at a lower concentration, but are then concentrated into
a similar volume as that which was processed by the LFA-only control. When using a 1:9 ATPS
that was expected to concentrate the GNPs by 10-fold, the total sample volume was increased
10-fold (to 200 |L) to ensure the same amount of GNPs entering the detection region when

compared to the LFA-only control.

Figure 2.2b demonstrates the use of the modified LFA device in a negative control test
which does not contain pLDH in solution. When the modified LFA strip was dipped into an
ATPS solution containing anti-pLDH GNPs in PBS, the GNPs rapidly concentrated to the

leading front of the solution in the 3-D wick segment, as evidenced by the darker red color at the
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60-second mark. The solution flowed easily across the nitrocellulose membrane without the use
of additional running buffers. The GNPs quickly reached the detection region while much of the
solution was retained in the paper wick. Visible bands appeared at both the control and test line

regions within 20 min, indicating a valid negative test.

Once a valid negative test was verified, the pLDH concentrations were varied to
determine the detection limit of the integrated device in a 1:9 volume ratio solution. The results
of these experiments demonstrated that while a conventional LFA detected pLDH at
concentrations of 10 ng |.L™ (producing a true positive result), our diagnostic strip integrating
the Triton X-114 ATPS and LFA was capable of detecting pLDH at 1.0 ng |L™*, which is a 10-

fold improvement in the detection limit (Figure 2.3).
pLDH Concentration (ng/pL)

100 10 1.0 0.1 0

LFA Only

LFA with
Paper-based
Micellar ATPS

Figure 2.3 The paper-based 1:9 volume ratio ATPS achiewved a 10-fold improvement in the detection limit of
pLDH in PBS at 25<C. Standard LFA detected pLDH at 10 ng pL* but could not accurately detect pLDH at 1 ng
pL L. The integrated diagnostic strip successfully detected pLDH at 1 ng pL™.
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2.3.5 Improving LFA-Based Detection of pLDH in FBS

These experiments were repeated in FBS samples using the modified operating
conditions to produce 9:1 volume ratios. Once more, the 3-D paper-based diagnostic device
demonstrated a 10-fold detection limit improvement by successfully detecting pLDH in FBS at
1.0 ng |, while the LFA-only control successfully detected pLDH in FBS at 10 ng pL™* but
not at 1.0 ng L (Figure 2.4). The experiments utilizing the integrated paper-based device in
FBS samples demonstrated slower fiuid flow through the nitrocellulose-based detection region.
This was likely due to the greater initial concentration of Triton X-114 and the presence of other
serum components that increased the overall viscosity of the sample. Although control and test
line signals were fully developed within 20 min (Figure 2.4), the entire micelle-poor phase
flowed past the detection region only if given 10 extra min, leading to a reduction in background
noise (Figure 2.5). As with the case of the above tests in PBS, all tests in FBS did not require any

prior dilution in buffers, extraction steps, or running buffer additions to aid flow.

pLDH Concentration (ng/uL)

100 10 1.0 0.1 0
LFA Only
LFA with
Paper-based
Micellar ATPS —

Figure 2.4 The paper-based 9:1 volume ratio ATPS achiewved a 10-fold improvement in the detection limit of
pLDH in undiluted FBS at 25<C. Standard LFA detected pLDH at 10 ng pL™ but could not accurately detect
pLDH at 1 ng pLt. The integrated diagnostic strip successfully detected pLDH at 1 ng piL™.
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pLDH Concentration (ng/uL)
10 1.0 0.1 0

20 minutes

30 minutes

Figure 2.5 The detection of pLDH with a 9:1 ATPS and 3-D wick LFA strip. Although control and test lines
develop within 20 min, the entire micelle-poor phase does not completely flow past the detection region in this time
frame. This leads to increased background noise as seen by the dark red background in between the control line and
test line at 20 min. If given an additional 10 min, the micelle-poor phase was able to flow completely past the
detection region. Since the control and test line intensities are very similar from 20 to 30 min, we concluded that
reliable results can be seen at the 20-min mark.

In order to compare the test line signal intensity between FBS and PBS runs, the ratio of
the test line signals for positive samples relative to the test line signals for a negative sample in
the same type of solution was found:

Signal, .. . ..
Relative test line signal = .g test—positive . 100%
Slgnaltest—negative

Relative test line signals with values less than 20% were defined as positive detection of pLDH,
while relative test line signals greater than 20% indicated negative detection of pLDH. When
detecting pLDH in either FBS or PBS, the use of the Triton X-114 ATPS allowed for detection
of pLDH at 1 ng pL"*, while the LFA-only case detected pLDH only at concentrations of 10 ng
uL or higher. This 10-fold improvement in detection limit was confirmed with our custom

MATLAB script, where the relative test line signals for both the FBS and PBS cases had values
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less than the 20% threshold value at 10 ng pL™ for the LFA-only setup and at 1 ng pL™* for the
integrated LFA-ATPS system.

By demonstrating an improvement in the LFA detection of the malaria pLDH in serum,
our device can potentially be used to improve the current state of malaria rapid diagnostic tests
(RDTSs). Despite the increasing production and use of malaria RDTS, they are in most cases
required to be used in conjunction with additional methods, such as blood film microscopy, to
verify results [42,43]. While the ELISA is more sensitive than many lateral-flow assays, it
requires a longer assay time (several hours), laboratory equipment, and trained personnel. In
contrast, lateral-flow assays (or RDTs) produce results within minutes and do not require
laboratory personnel and equipment, but generally have higher, or worse, detection limits.
Limited sensitivity and variations in ease-of-use are two factors that prevent the LFA from being
used as a reliable stand-alone assay in remote malaria-affected settings [30]. Our integrated
paper-based device has the potential to address these two concerns. A recent comparison of
commercial RDTSs to ELISA for pLDH detection at the same sensitivity revealed that the RDT
detection limits are approximately 10-fold higher than those of ELISA [44]. Our proposed
approach improves the detection limit of a conventional LFA setup by 10-fold, and therefore, has
the potential to bring the pLDH detection limit of LFA much closer to that of the more sensitive
ELISA. The integrated concentration component of the device allows for significant
improvements in sensitivity. In addition, since many of these RDTs require dilution in a sample
buffer or the use of running buffer to aid fluid flow, our diagnostic device demonstrates
improvements in user-friendliness by eliminating these steps. While this approach has the
potential to improve existing malaria RDTS, we envision that this platform technology can also

be applied for the diagnosis of a variety of infectious diseases in resource-poor environments.
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2.4 Conclusions and Discussion

In this study, we developed a 3-D paper-based diagnostic strip that utilizes the Triton X-
114 micellar ATPS to concentrate and detect a malaria protein biomarker pLDH, resulting in a
10-fold detection limit improvement over LFA. Through this process, we demonstrated for the
first time that a micellar ATPS can be applied directly to a fiberglass paper membrane to
significantly speed up its macroscopic separation from at least 8 hrs to approximately 3 min.
Although the complete mechanism for the enhanced phase separation requires further
investigation, we have shown that the viscous micelle-rich phase is consistently retained near the
bottom of the vertically placed strip, regardless of its orientation relative to the micelle-poor
phase in a gravity-driven test tube configuration. The faster-flowing micelle-poor phase
containing the dense gold nanoparticles is accordingly focused at the leading front of fluid
moving through the paper strip. This phenomenon allows for the immediate concentration of
pLDH in a sample as it flows to a downstream LFA component for subsequent detection. No
additional buffers were needed to trigger or complete the assay, rendering the assay virtually free
of user intervention after the sample is applied to the diagnostic strip. The integration of the
concentration and detection steps improves the sensitivity of the conventional LFA without

sacrificing its advantages in ease-of-use and time-to-result.

The robust setup easily handles undiluted serum samples, provides rapid results with
minimal user intervention, and requires no electricity or complex laboratory equipment.
Therefore, it is an ideal point-of-care device for the potential detection of malaria pLDH in
remote resource-poor settings. Furthermore, the micellar ATPS and 3-D paper wick components
form a platform technology that can be integrated with existing commercial LFA products to

significantly improve their sensitivity. Once optimized, our novel approach has the potential to
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enhance the detection of a variety of diseases affecting resource-poor environments, making the

use of inexpensive paper-based diagnostics more reliable and widespread in these areas.
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Chapter 3. Improved Lateral-Flow Immunoassay for Bacterial and
Antibody Biomarkers via Sequential Rehydration of Aqueous Two-Phase

Components

3.1 Introduction

Infectious diseases such as chlamydia and HIV greatly affect both developed and
developing countries. Chlamydia is a sexually transmitted infection (STI) caused by the
bacterium Chlamydia trachomatis which, if left untreated, can lead to pelvic inflammatory
disease in women and cause permanent damage to the reproductive system [45]. The prevalence
of chlamydia has been steadily rising in the United States since 1993, with over 1.4 million new
chlamydia infections reported in 2014 [46]. Although chlamydia is relatively straightforward to
treat, and shows no signs of emerging resistance to primary pharmacological treatment options
[47], it is still one of the most common STIs in the United States [46]. HIV, on the other hand, is
caused by the human immunodeficiency virus which attacks the body’s immune system,
specifically the CD4 cells. In 2015 alone, there were about 2.1 million new cases of HIV
worldwide, and about 39,513 people were diagnosed with HIV in the United States [48]. One
approach for addressing the increasing prevalence of chlamydia and HIV is through low-cost
point-of-care (POC) screening of at-risk populations, which has shown promising results in

theoretical models [49,50] and isolated trial studies [51,52].

Unfortunately, current gold standard laboratory-based diagnostics, such as ELISA tests,
nucleic acid amplification tests (NAATS), or cell culture methods, are not suitable for POC
screening. This is due to the high cost of equipment, the requirement for trained personnel, and

the lengthy time to result. In contrast, paper-based diagnostics are a more suitable technology,
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with two components that are necessary for effective large-scale screening: on-site diagnosis and
treatment within the same visit, and administration by untrained or minimally trained personnel.
The most commonly used paper diagnostic is the lateral-flow immunoassay (LFA), a visually
interpreted antibody-based diagnostic recognized for its widespread use in pregnancy tests [53].
Unfortunately, chlamydia LFA tests are currently not sensitive enough to be effective diagnostics
[54], a limitation that most paper-based diagnostics for infectious diseases suffer from [55].
Although HIV LFA tests are more established in the consumer market than chlamydia LFA tests,
there is still room for their sensitivity to be improved to further minimize the risk of false

negatives and potential transmission of the virus.

Significant efforts have been made to improve the sensitivity of LFAs and paper-based
assays, which range in their fabrication, their choice of nanomaterials, and their use of
instrumentation [56]. Some key innovations include work with two-dimensional paper networks
by the Yager lab [24,25,57-60] and microfluidic paper-based analytical devices by the
Whitesides lab [61-63]. The most commonly used format of the LFA utilizes gold nanoparticles
as reporters that provide direct colorimetric visualization. However, these molecules are limited
in their analytical sensitivity. To improve gold nanoparticle-based detection, researchers have
developed systems using agglomeration bifunctional gold nanoparticles [64], dual-layered
particles with signal enhancement techniques [65,66], and surface enhanced Raman scattering
(SERS) detection using gold-silver core-shell nanoparticles [67]. Although these methods
provide between 8 to 100-fold improvements in the limit of detection when compared to
traditional LFAs, they typically require additional equipment, additional steps, or rigorous
optimization of the conjugation process. An alternative approach to improve the LFA sensitivity

is to concentrate the target biomarker prior to its application to the assay. Previously, our lab
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developed an equipment-free method to thermodynamically pre-concentrate target analytes prior
to their application to LFA tests. In short, this is accomplished by utilizing aqueous two-phase
systems (ATPSs), which separate into two distinct liquid phases, where the target analyte
partitions extremely into one of those phases, effectively concentrating the target. In the first
approach, a 3-step diagnostic process involved (i) mixing a large volume of target solution with
ATPS components, (ii) waiting for macroscopic phase separation, and (jii) extracting and
applying the concentrated target phase to the LFA test. With this method, improvements in the
limit of detection for both large viruses [16,19] and small protein targets [17,18] were achieved.
Additionally, our lab discovered that the phase separation process is expedited when the ATPS
flows through paper, reducing the overall diagnostic time from hours down to minutes by
eliminating the waiting and extraction steps. The phenomenon demonstrated the ability to
simultaneously concentrate and detect protein biomarkers within paper [20,68]. This diagnostic
process still required an initial ATPS component mixing step prior to application of the solution
to an LFA strip, which can be suitable for applications that already require initial mixing into a

predetermined buffer (i.e., a swab-based diagnostic).

However, other diagnostic applications can benefit from the direct addition of a sample
without additional mixing with other solutions and buffers. In this work, the authors describe a
single-step ATPS paper-based diagnostic assay based on the novel concept of sequential
resolubilization of ATPS components to give rise to the desired phase separation behavior within
paper. This concept was demonstrated using two different polymer-salt ATPSs in two different
diagnostic applications — one to detect C. trachomatis for a chlamydia diagnostic, and the other
to detect human immunoglobulin M (IgM) in a potential HIV antibody diagnostic application.

IgM antibodies produced against HIV 1/2 are common biomarkers for commercial HIV LFAs.
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While newer generations of tests detect for both HIV 1/2 antibodies and the p24 antigen to
improve specificity for HIV, disease-specific 1gM detection has also been used to diagnose viral
diseases such dengue and the Zika virus, making the IgM a model target for a variety of disease
applications. The chlamydia diagnostic utilized a novel ATPS rehydration and resolubilization
optimized wick (designated as the ARROW) that employed the polyethylene glycol and
potassium phosphate (PEG-salt) ATPS. In this design, the sample solution is added to the device,
and the solution directly resolubilizes the ATPS components during flow, resulting in phase
separation and subsequent concentration of C. trachomatis within paper. The IgM diagnostic
design utilized a test tube containing dried nanoprobe conjugates and a paper strip design
containing dried UCON-50-HB-5100 and potassium phosphate (UCON-salt) ATPS components.
In this tube and UCON-based biomarker extraction setup (designated as the TUBE), the dried
components are designed to be resolubilized in a specific order in which the target is first

captured by the conjugates and then concentrated within paper.

Note that the execution of both designs is more difficult than merely dehydrating
components and subsequently rehydrating them, as the rehydrated components need to yield the
appropriate phase separation conditions. Accordingly, this process was optimized so that it
properly integrated with an LFA and demonstrated its ability to improve the LFA limit of
detection for infectious disease biomarkers by 10-fold without compromising the accuracy of the
test results. To our knowledge, this is the first demonstration of dehydrating ATPS components
onto paper, allowing only the sample to be added to achieve phase separation and concentration

of the target.
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3.2 Materials and Methods

3.2.1 Preparation of Anti-IgM Antibody-decorated Gold Nanoprobes (anti-IgM GNPs)
Citrate-capped gold nanoparticles were synthesized according to Frens and coworkers
with slight modifications [37]. Briefly, 100 uL of 1% w/v gold(I1l) chloride hydrate solution was
dissolved in 10 mL of UltraPure sterile water (Rockland Immunochemicals Inc., Gilbertsville,
PA). The solution was stirred and heated to a boil, after which 90 pL of a 2% (w/v) tribasic
sodium citrate solution was added. The color of the reaction mixture was allowed to turn red-
orange over the course of 10 min. To form functionalized gold nanoprobes (GNPs), 60 uL of 100
mM sodium borate buffer (pH 9) was added to 1 mL of a citrate-capped gold nanoparticle
suspension, followed by 16 ug of anti-human IgM antibodies (IgM-Ab) (MyBioSource, San
Diego, CA). The reaction mixture was placed on a shaker for 30 min to facilitate the formation
of dative bonds between the antibodies and the GNPs. 100 puL of 10% w/v bovine serum albumin
(BSA) was then added to the suspension and then placed on a shaker for 10 min. Free antibodies
were removed by centrifugation and the pellet was resuspended in 100 pL of 100 mM sodium
borate buffer (pH 9.0). All materials, chemicals, and reagents were purchased from Sigma-

Aldrich (St. Louis, MO) unless otherwise specified.

3.2.2 Preparation of Anti-Chlamydia trachomatis Antibody-decorated Dextran-coated
Gold Nanoprobes (anti-CT DGNPs)

Dextran-coated gold nanoparticles (DGNSs) were synthesized according to Min and
coworkers with slight modifications [69]. Since these nanoparticles have been previously shown
by our group to provide enhanced stability in high-salt conditions, they were used specifically
with the PEG-salt ATPS which requires a higher salt concentration than the UCON-salt system.

Briefly, 750 mg of dextran (Mw 15,000-25,000) from Leuconostoc spp. was dissolved in 10 mL
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of UltraPure sterile water. The solution was stirred and heated to a boil, after which 135 puL ofa
1% wiv gold(lIl) chloride hydrate solution was added. The color of the reaction mixture turned
reddish-violet, and was stirred and boiled for about 20 min. To form functionalized dextran-
coated gold nanoprobes (DGNPs), 35 uL of 100 mM sodium borate buffer (pH 9) was added to 1
mL of a DGN suspension, followed by 16 ug of anti-C. trachomatis antibodies (CT-Ab). The
reaction mixture was placed on a shaker for 20 min to facilitate the formation of dative bonds
between the antibodies and the DGNs. 100 puL of 10% w/v BSA was then added to the
suspension and then placed on a shaker for 10 min. Free antibodies were removed by
centrifugation and the pellet was resuspended in 100 pL of 100 mM sodium borate buffer (pH

9.0).

3.2.3 Preparation of LFA tests for C. trachomatis and IgM Detection

Conventional LFA strips consisted of overlapping pads placed on an adhesive backing.
The pads were as follows: a sample pad, a conjugate pad that houses dried nanoprobe conjugates,
a nitrocellulose membrane with immobilized antibodies or proteins that constitute the test and
control lines for biomarker detection, and an absorption pad to wick and drive fluid across the
entire strip. All LFA tests in this study utilized the sandwich assay format. In this format, the
presence of the target biomarker in sufficient quantities will produce a red test line, as the gold
nanoprobes will first bind to the biomarker, which will then be captured by immobilized
antibodies on the test line. An absence or insufficient quantity of the biomarker will result in no
visible test line. The presence of a control line indicates the completion of flow and the validity

of the test.

On the LFA tests for C. trachomatis, a solution of 2 mgmL™* anti C. trachomatis
antibodies and 25% wi/v sucrose was first printed onto a nitrocellulose membrane to form the test
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line. Secondary anti-1gG antibodies, which bind to the primary antibodies on the anti-CT
DGNPs, were printed downstream of the CT-Ab test line to form the control line. The membrane

was then left in a vacuum-sealed desiccation chamber overnight to immobilize the antibodies.

On the LFA tests for human IgM, a solution of 1.5 mgmL™* anti-human 1gM antibodies
(EastCoast Bio, North Berwick, ME) and 25% wi/v sucrose was first printed onto a nitrocellulose
membrane to form the test line. A solution of 0.2 mgmL™ Protein A, which binds to the primary
antibodies on the anti-lgM GNPs, was printed to form the control line. The membrane was also

left in a vacuum-sealed desiccation chamber overnight.

3.2.4 Preparation of the ARROW and TUBE Designs

To dehydrate the ATPS and LFA components in paper, pieces of fiberglass paper were
cut into appropriate geometries and placed onto a Petri dish. Solutions of the ATPS components
were made to the appropriate concentrations and pipetted onto the paper segments. To prepare
the ARROW, the ATPS components used were polyethylene glycol (PEG) 8000 and potassium
phosphate salt dissolved in phosphate-buffered saline (PBS). To prepare the TUBE design, the
ATPS components used were UCON-50-HB-5100 and potassium phosphate salt dissolved in
PBS. To dehydrate the components, the paper segments were placed under very low pressure

using a Labconco FreeZone 4.5 lyophilizer (Fisher Scientific, Hampton, NH) for 2 hours.

3.2.5 Scanning Electron Microscopy (SEM) Characterization

Paper segments were cut and treated using the dehydration methods described above.
Paper samples included segments dehydrated with 15% (w/w) potassium phosphate, 10% (w/w)
PEG, a mixture of 30% (w/w) UCON-50-HB-5100 and 3% (w/w) potassium phosphate, or no
additional components (i.e., blank fiberglass). The paper segments were individually placed onto

a dry carbon tape-covered holder and sputtered with a metallic coating using a South Bay
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Technology lon Beam Sputtering/Etching System (South Bay Technology, San Clemente, CA).
Samples were imaged at about 500x magnification at 10 kV using a ZEISS Supra 40VP SEM

(ZEISS, Irvine, CA) at the Electron Imaging Center for NanoMachines and CNSI at UCLA.

3.2.6 Observing the Rehydration Order of PEG and Potassium Phosphate

In order to visualize the phase separation of the ATPS on paper, BSA-conjugated DGNPs
(BSA-DGNPs), which are burgundy/light purple due to surface plasmon resonance [70,71], and
Brilliant Blue FCF dye (The Kroger Co., Cincinnati, OH) were both added to a solution of an
ATPS made in PBS. It was confirmed that upon completion of the phase separation of this
system in a test tube, the BSA-DGNPs partitioned extremely to the PEG-poor phase, while the
Brilliant Blue dye partitioned to the PEG-rich phase [20]. Therefore, this suspension was used to
identify the locations of PEG-poor phase (burgundy/light purple in color), PEG-rich phase (light

blue in color), and mixed domain regions (dark blue/dark purple in color) directly on the paper.

Experiments were performed with only a single sheet of the ARROW and without a
tapered tip in order to better observe the phase separation behavior. In one condition, the
potassium phosphate was dehydrated upstream of the PEG, and in another condition the PEG
was dehydrated upstream of the potassium phosphate. In a third condition, the PEG was mixed
with potassium phosphate and then dehydrated together. The concentrations of the dehydrated
components were 15% (w/w) potassium phosphate and 10% (w/w) PEG 8000. Images were

taken with a Canon EOS 1000D camera (Canon U.S.A,, Inc., Lake Success, NY).
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3.2.7 Observing the Rehydration Order of UCON-50-HB-5100 and Potassium
Phosphate

In order to first determine the partitioning of the colorimetric indicators in the UCON-50-
HB-5100-potassium phosphate ATPS, red-colored BSA-conjugated GNPs (BSA-GNPs) and
Brilliant Blue FCF dye were both added to an ATPS solution in PBS. After phase separation in a
tube, the BSA-GNPs partitioned extremely to the bottom, UCON-poor phase while the Brilliant
Blue dye partitioned into the top, UCON-rich phase. Therefore, for phase separation of
dehydrated ATPSs, the location of the UCON-poor phase was identified with the red color of the
BSA-GNPs. Similarly, the locations of UCON-rich phase and mixed domain regions were

identified with light blue and dark purple color, respectively.

Three different conditions were tested using the UCON-salt system on a single strip of
paper. In one condition, the UCON-50-HB-5100 was dehydrated downstream of potassium
phosphate, in a second condition the UCON-50-HB-5100 was dehydrated upstream of potassium
phosphate, and in the last condition, the UCON-50-HB-5100 was mixed with potassium
phosphate and then dehydrated together. The concentrations of the dehydrated components were
30% (w/w) UCON-50-HB-5100 and 3% (w/w) potassium phosphate. Images were taken at

different time points with a video camera.

3.2.8 Observing the Dynamics of Phase Separation

To visualize phase separation of the dehydrated ATPS systems, only the ARROW
component of the diagnostic, with 15% (w/w) potassium phosphate dehydrated upstream of
dehydrated 10% (w/w) PEG 8000, was used. This setup did not contain the LFA membrane or
conjugate pad. The suspension containing the BSA-DGNPs and Brilliant Blue dye was allowed
to flow along the strip until the fluid reached the end the paper. To visualize phase separation of
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the dehydrated UCON-salt ATPS, the mixed condition UCON-salt pad was dehydrated with
30% (w/w) and 3% (w/w) potassium phosphate onto a fiberglass paper strip. This setup did not
include the LFA membrane or the tube with dehydrated GNPs. A PBS solution containing BSA-
GNPs and Brilliant Blue dye was allowed to flow up the strip. Images were captured at different

time points using a video camera.

3.2.9 Detection of C. trachomatis using the Integrated LFA and ARROW

LFA tests were performed to detect varying C. trachomatis concentrations between 0.5
and 500 g mL™, such that they were evenly spaced on a logarithmic scale, for the LFA only
system and the integrated LFA and ARROW system. The sample suspensions contained C.
trachomatis (EastCoast Bio, North Berwick, ME) diluted in PBS. The sample solution volumes
were 70 and 600 pL per test for the control and dehydrated ATPS conditions, respectively. A
smaller sample volume was used for the control because it did not have the ARROW component,
and therefore, did not require as much sample volume to run the test. The control LFA strip was
comprised of a sample pad (treated with 1% BSA), a conjugate pad containing the anti-CT
DGNPs, a nitrocellulose membrane, and an absorbent pad. The integrated design substituted the
initial sample pad with the ARROW component. The authors did not include a blank paper wick
to mimic the ARROW component in the control since comparing to the case without the wick
was a more stringent comparison as C. trachomatis can be lost in a blank wick. The tests were

allowed to run for 15 minutes before images were taken with a Canon EOS 1000D camera.

3.2.10 Detection of Human IgM using the Integrated LFA and TUBE

LFA tests were conducted on sample solutions of human IgM (EastCoast Bio, North
Berwick, ME) in PBS, with varying human IgM concentrations from 0.01 to 10 pg mL™ . Here,
the sample volumes used for the control case and the dehydrated ATPS conditions were 25 uL
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and 150 pL, respectively. The control LFA strip was comprised of a sample pad (treated with 1%
BSA), a conjugate pad containing the anti-lgM GNPs, a nitrocellulose membrane, and an
absorbent pad. In the TUBE design, the sample pad and conjugate pad were omitted and replaced
with the dehydrated UCON-salt strip and a spacer pad treated with 1% BSA in water. GNPs of
an equal amount as the control case were mixed with BSA to a total BSA concentration of 1%
(whv), and applied to a microcentrifuge tube. The tube was then placed under very low pressure

using a Labconco FreeZone 4.5 lyophilizer for 1 hour, leaving the GNPs in dried powder form.

To run the test using the TUBE design, an IgM sample was added to the sample tube to
rehydrate the GNPs and allow binding to the target. Then, the test strip with the dehydrated
UCON-salt pad was dipped into the tube and the sample was allowed to wick up the strip toward
the absorbent pad. The tests were allowed to run for 12 minutes before images were taken with a

Canon EOS 1000D camera.

3.2.11 Quantitative Image Analysis

Images were analyzed using a customized MATLAB script previously developed and
described by our lab [19]. Briefly, in this program, LFA images are cropped just inside the edges
of the membrane before being analyzed. The program takes several calibration images of a
positive test with visible control and test lines, and uses those to determine the length from the
control line to the test line. It then analyzes the experimental images by determining the average
pixel intensity on the test line and subtracting the average pixel intensity of the membrane
background. Finally, it returns the relative test line signal as a percentage of the maximum signal
intensity tested (which is produced by the highest concentration tested). The pixel intensity was

plotted using GraphPad Prism.
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3.3 Results and Discussion

3.3.1 Importance of the Rehydration Order of PEG and Potassium Phosphate

The novel ARROW design introduces the unexplored concept of phase separation after
sequential ATPS component resolubilization during fluid flow, which is in contrast to the
traditional method of ATPS research that examines phase separation in a stagnant solution with
an initial homogenous distribution of ATPS components. Therefore, the authors investigated the
effect of the PEG and potassium phosphate rehydration order on the phase separation behavior
within the paper. To do this, the authors utilized a suspension comprised of BSA-DGNPs and
Brilliant Blue dye which allowed for the visualization of the phase separation process as the
suspension flowed through the paper, a technique utilized in previous studies [20]. In short, the
BSA-DGNPs partitioned into the PEG-poor phase indicated by the burgundy/light purple color,
while the blue dye partitioned into the PEG-rich phase indicated by the light blue color. Regions
of macroscopically mixed domains contained both BSA-DGNPs and blue dye, indicated by the
dark blue/dark purple color. During fiberglass paper preparation, the location of the dehydrated
ATPS components was altered, such that one condition had the dehydrated potassium phosphate
located upstream of the dehydrated PEG (denoted ‘Salt - PEG’), one condition had the
dehydrated PEG located upstream of the dehydrated potassium phosphate (denoted ‘PEG -
Salt’), and a third condition contained a mixture ofthe PEG and potassium phosphate dehydrated

across the entire length of the strip.

From these results (Figure 3.1), the authors note several interesting observations. First,
the ‘mixed’ condition resulted in no visible phase separation as the entire strip appeared purple
due to the mixture of PEG-rich and PEG-poor domains. In addition, the leading PEG-poor fluid

had a significantly darker burgundy color in the ‘Salt - PEG’ condition compared to the ‘PEG
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—> Salt’ condition, indicating that the ‘Salt - PEG’ condition contained more BSA-DGNPs in
the leading fluid, and therefore, is more effective at concentrating large species. Furthermore, the
PEG-rich phase exhibited significantly more volumetric growth over time in the ‘Salt - PEG’
condition compared to the PEG-rich phase in the ‘PEG —> Salt’ condition. This suggests that, in
the ‘Salt - PEG’ condition, the newly formed PEG-poor domains are able to get out of the
mixed domain region and more efficiently pass through the trailing PEG-rich phase and collect
into the leading PEG-poor phase. This results in the PEG-rich phase becoming larger as the
mixed domains region becomes smaller. One possible reason for this phenomenon is the
formation of PEG-poor channels within the PEG-rich phase that connect to the leading PEG-
poor phase. Research in multiphase fluid flow within porous media has found that less viscous

fluids will develop preferred channels when displacing more viscous fluids [72].

Time Lapse of Phase Separation
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Figure 3.1 PEG-salt ATPS component rehydration order. Time-lapse visualization of phase separation within a
single sheet of the ARROW design when the PEG and potassium phosphate were rehydrated in separate regions,
and when they were rehydrated as a mixture. Close up images are shown of the downstream region where phase
separation occurred, and therefore, the first image is at t=6 s instead of t=0 s. Visualization and identification of the

48



PEG-rich phase, PEG-poor phase, and macroscopically mixed domain regions were accomplished by flowing a
suspension of BSA-DGNPs and Brilliant Blue dye.

The authors hypothesized that switching the location of the ATPS components, such that
PEG is resolubilized prior to potassium phosphate, reduces or prevents the formation of PEG-
poor channels. When considering a sample solution flowing through the ‘PEG —> Salt’ condition
at the location that the leading fluid transitions from the dehydrated PEG region to the
dehydrated potassium phosphate region, the fluid contains a high concentration of resolubilized
PEG and no potassium phosphate. As the fluid flows into the dehydrated potassium phosphate
region, the concentration of potassium phosphate increases and phase separation occurs. If this
situation is examined from the perspective of a traditional PEG and potassium phosphate phase
diagram [73], initial phase separation in this leading fluid will occur at the region of high PEG
and low potassium phosphate concentrations. This initial phase separation would result in a large
PEG-rich phase volume and a small PEG-poor phase volume, as described by the lever rule
[73,74]. The authors hypothesized that the larger volume of the initial PEG-rich phase prevents
PEG-poor channels from being formed and connecting to the leading PEG-poor phase. This
would hinder subsequently formed PEG-poor domains from passing through and collecting into
the leading fluid. This hypothesis is supported by our observations of'the ‘PEG —> Salt’
condition, notably: (i) the lower concentration of BSA-DGNPs in the leading PEG-poor phase,
indicated by the lighter burgundy color, and (ii) the presence of a macroscopically mixed domain
region, located behind the PEG-rich phase, indicated by the dark purple color. From these
observations, the authors decided to use the ‘Salt - PEG’ condition in the final design

incorporated with the LFA.
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3.3.2. Importance of the Rehydration Order of UCON-50-HB-5100 and Potassium
Phosphate

In the TUBE design, the authors also investigated the order of UCON-50-HB-5100 and
potassium phosphate rehydration order on the phase separation behavior in paper, using the same
colorimetric indicators as previously described. Three different combinations were tested (Figure
3.2): one in which the dehydrated potassium phosphate was located upstream of the dehydrated
UCON-50-HB-5100 (‘Salt - UCON?”), one in which the dehydrated UCON-50-HB-5100 was
located upstream of the dehydrated potassium phosphate (‘UCON —> Salt’), and one in which the
two components were mixed together and applied evenly along the entire fiberglass strip
(‘Mixed’). The authors observed that the ‘UCON -> Salt’ condition resulted in very little
noticeable separation, as can be seen by the purple color caused by the blending of both the
mixed domains of BSA-GNPs and the blue dye along the strip. This is in agreement with the
hypothesis that a high volume of a highly concentrated UCON-rich phase prevents the formation
of UCON-poor channels, and in this case, completely prevents the formation of a distinct
UCON-poor leading front. On the other hand, phase separation was observed in the ‘Salt -
UCON’ condition, in which the leading front containing the GNPs was visible within 15
seconds. In the ‘mixed’ condition, phase separation occurred within 10 seconds, indicating that
rehydrating a mixture of UCON and potassium phosphate does not hinder the collection of
UCON-poor domains and the formation of the UCON-poor phase. Although the ‘mixed’
condition produced a leading front volume approximately equal to that of the ‘Salt > UCON’
case, it also produced a lower flow rate, which has been shown to provide additional benefits in
improving the LFA detection limit [75]. For this reason, the ‘mixed’ condition was used in the

design later incorporated with the LFA.
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Figure 3.2 UCON-salt ATPS component rehydration order. Time-lapse visualization of phase separation within
a single fiberglass strip when the UCON-50-HB-5100 and potassium phosphate were rehydrated in separate regions,
and when they were rehydrated as a mixture. Images were cropped to contain the same area of a strip in order to
observe relative flow rates. Visualization and identification of the UCON-rich phase, UCON-poor phase,and
macroscopically mixed domain regions were accomplished by flowing a suspension of BSA-GNPs and Brilliant
Blue dye.

3.3.3. The Dynamics of Phase Separation

Once the rehydration conditions for the two ATPSs were optimized, the phase separation
time within these two systems was observed. It was important to demonstrate that these methods
of dehydration allowed for rapid rehydration of the ATPS components during the flow of the
sample solution through the diagnostic. As shown in Figure 3.3a, successful phase separation is
observed in the ARROW setup, in which phase separation occurred shortly after the suspension
flowed into the dehydrated PEG region. The newly-formed PEG-poor region collected into the
leading fluid in front of the PEG-rich region, mimicking an important phenomena discovered in
our previous work [20], which is necessary considering that the PEG-poor region will contain the
concentrated C. trachomatis and needs to be in the leading fluid when flowing through the

conjugate pad. The process of flowing through the ARROW only took approximately 30 s.
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Figure 3.3 Dynamics of phase separation. a. Time-lapse images were taken of the ARROW with separated two-
phase components during the process of fluid flow. The fluid consisted of a suspension of BSA-DGNPs and
Brilliant Blue dye, which allowed for visualization of the phase separation. b. Time-lapse images were taken of the
mixed UCON-salt design during the process of rehydration by a suspension of BSA-GNPs and Brilliant Blue dye.

Interestingly, the PEG-poor region in the leading fluid expanded as the fluid flowed
through the dehydrated PEG region, which is best observed in the transition from time points 13
sto 23 s. During this time period, the PEG-rich region also expanded but maintained its initial
location at the beginning of the dehydrated PEG region. These two observations together suggest
that the dehydrated PEG and potassium phosphate quantities are sufficient to continue phase
separation after initial phase separation in the leading fluid, and that the newly formed PEG-poor

domains are flowing through the PEG-rich region to collect at the leading PEG-poor region.

Phase separation was also seen in the mixed UCON-salt design (Figure 3.3b) within 10 s.
Here, the UCON-poor region containing BSA-GNPs collected into the leading fluid front,
concentrating the GNPs from the large initial solution into a small volume, which remained
consistent throughout the duration of the flow study. After the phase separation (10 sto 30 s),
there was a noticeable decrease in the flow speed through the strip, which is likely attributed to

the formation of the viscous UCON-rich lagging phase.
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3.3.4. Integrating the LFA with the Dehydrated ATPS

The dehydrated components of the PEG-salt ATPS and the UCON-salt ATPS were used
to produce two different assay designs. The dehydrated PEG-salt ATPS diagnostic device
(Figure 3.4) was comprised of two major components: the ARROW and the standard LFA. The
ARROW consisted of several fiberglass paper sheets layered and compacted together.
Considering that the function of the ATPS is to concentrate the target pathogen, it was necessary
that the ARROW was able to wick up a large volume of sample solution. 15% (w/w) potassium
phosphate was dehydrated in the upstream portion of each fiberglass sheet, while 10% (w/w)
PEG 8000 was dehydrated in the downstream portion of each fiberglass sheet. It was important
to leave blank space between the dehydrated PEG and the tip of the sheet to allow for collection
of the PEG-poor phase that contained the concentrated pathogen. The downstream tip of each
sheet was tapered to form a point, which facilitates proper transition of the liquid into the

conjugate pad.
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Figure 3.4 The integrated ARROW and LFA diagnostic design layout, which includes a photo of the ARROW
and SEM images of the dehydrated PEG on fiberglass, blank fiberglass, and dehydrated potassium phos phate
on fiberglass. The top and bottomtips of the fiberglass paper sheet were also blank fiberglass.

The simplistic design of the ARROW achieves thermodynamic concentration and can be
mass-produced with relative ease. While the design may add some complexity relative to
standard LFA diagnostics, this complexity only involves the assembly process, whereas the
processes used to apply and dehydrate components onto the ARROW strips are not significantly
different from those used in standard LFA manufacturing. The LFA portion of the diagnostic
consisted of the conjugate pad, containing the colorimetric indicator, connected to a
nitrocellulose membrane with printed primary and secondary antibodies, and followed by an
absorbent pad. The LFA portion interfaced with the ARROW by fitting a small upstream portion

of the conjugate pad perpendicularly into a slit that had been cut in the ARROW.
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The ARROW was designed to concentrate a biomarker capable of partitioning to a single
phase on its own. Since the C. trachomatis whole bacteria is relatively large (0.8 to 1 pm), it can
partition extremely to the PEG-poor phase without intervention. However, many infectious
disease biomarker targets, such as the HIV antibodies typically detected in HIV rapid tests, are
smaller in scale and do not partition extremely to a single phase. Therefore, another strategy
must be utilized to concentrate these biomarkers. Previously, our group demonstrated that the
gold nanoparticle conjugates typically used in LFA can be added directly into an ATPS, where
they partition extremely to the UCON-poor phase in a polymer-salt ATPS [17,18]. In this format,
the GNPs were added to the sample solution and were allowed to bind the target present in
solution before phase separation occurred. After the onset of phase separation, the large GNP-
target complexes partitioned to the UCON-poor phase, thus concentrating the target into the
UCON-poor phase. Extraction of the GNPs and application to the LFA yielded improvements in
the detection limit of these protein targets. One of the goals of the current study is to incorporate
this mechanism into the dehydrated format to concentrate smaller targets, using a human IgM

antibody (970 kDa, or approximately 37 nm in diameter) as a model biomarker target.

The TUBE design (Figure 3.5) was comprised of two main components: the sample tube,
and the test strip that consists of the UCON-salt pads connected to the standard LFA. In this
design, it is imperative that the GNPs access the entire sample solution and bind to the target
prior to the ATPS concentration step. It is also important that after binding the target, the GNPs
access the dehydrated ATPS region at the same time in order to maximize the GNPs that become
concentrated into the resulting UCON-poor leading front. One approach to achieve these design
criteria was to dry the conjugates and store them in powder form housed in a sample

microcentrifuge tube. In this case, the liquid sample is first added into the tube, in which the
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GNPs are resolubilized and immediately bind to any human IgM present. Next, the test strip is
added into the sample tube, and the GNPs collectively wick up the test strip, first making contact
with the UCON-salt pad. When this occurs, the dehydrated UCON-salt mixture is rehydrated by
the wicking solution, inducing the formation and separation of the UCON-rich and the UCON-
poor phases. The GNPs are concentrated in the newly-formed UCON-poor fluid front, while the
newly-formed and more viscous UCON-rich region lags behind. The spacer pad contains BSA to
ensure even transition of the UCON-poor phase into the nitrocellulose-based detection region

and prevent nonspecific binding of the GNPs.
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Figure 3.5 The integrated TUBE and LFA design, which includes the sample tube containing the dried GNP
conjugate and the test strip containing the UCON-salt ATPS dehydratedinto a fiberglass pad. SEM images of
the UCON-salt pad, the BSA-treated spacer, and the nitrocellulose membrane are also shown.
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The SEM image (Figure 3.4) of the blank fiberglass region of the fiberglass paper shows
a porous fiber-based matrix structure. The dehydrated PEG, potassium phosphate, and mixed
UCON-50-HB-5100-potassium phosphate regions show a similar porous structure, with the
addition of web-like connections, which is believed to contain a majority of their respective
ATPS components (Figure 3.4). These images demonstrate that the process of dehydration does
not significantly deform the porous structure of the fiberglass paper, which is critical for proper
wicking of the sample fluid. An SEM image of the nitrocellulose paper (Figure 3.5) shows a

typical pore structure and size that accommodates transport of the sample fluid

3.3.5. Improved Limit of Detection for C. trachomatis and Human IgM using the
Integrated LFA and Dehydrated ATPS

The ARROW design was then used to effectively concentrate a C. trachomatis sample
suspension, resulting in an improved limit of detection for LFA. To do this, sample suspensions
of varying initial concentrations of C. trachomatis were applied to LFA test strips, with and
without the ARROW component. As indicated in the results of the LFA panel (Figure 3.6), the
LFA only system started showing false negative results at around 15.8 pg mL™ C. trachomatis
while the integrated LFA and ARROW system started showing false negative results at around
1.58 g mL! C. trachomatis. This visually demonstrates a 10-fold improvement in the limit of

detection.
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Figure 3.6 Improvement in the limit of detection of C. trachomatis LFA by incorporation of the ARROW.
Comparison of LFA results at varying C. trachomatis concentrations, with and without the ARROW is presented.
Test lines are located on the bottom of the LFA strips and control lines are located on the top of the LFA test strips.
Negative control results are shown in the leftmost panels for 0 g mL™? C. trachomatis.

Lastly, the TUBE diagnostic was used to effectively concentrate human IgM in a PBS
sample and improve the LFA limit of detection (Figure 3.7). In this case, the detection limit of
the LFA control was determined to be 0.31 g mL™. On the other hand, the integrated TUBE and
LFA system was able to accurately detect human IgM at 0.031 pg mL?, visually demonstrating a
10-fold improvement in the limit of detection compared to the LFA control. The observed
detection limit improvements achieved within both the ARROW and TUBE designs are
attributed to the concentration of the target biomarker into a volume that is smaller than the
original sample. As this volume flows across the test line region, there is an enhanced the
probability that the immobilized antibodies will bind to the concentrated target. An interesting
point that may be worth further investigation is the theoretical extent by which the volume of the
leading phase can be reduced before it becomes impractical (i.e., the leading phase volume
becomes too small and bypasses the test line quickly without providing adequate time for

binding between the biomarker and the test line antibodies). Future investigations into the
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balance between adequate target binding time and leading front volume are of particular interest

to our group.
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Figure 3.7 Improvwement in the limit of detection of human IgM LFA by incorporation of the TUBE. A
comparison of LFA results at varying human IgM concentrations, with and without the TUBE is presented. Test
lines are located on the bottom of the LFA strips and control lines are located on the top of the LFA test strips.
Negative control results are shown in the leftmost panels.

To quantitatively assess the improvement in the limit of detection, the pixel contrast of
the test lines on the LFA images was calculated using a customized MATLAB program
developed and described by our laboratory (Figure 3.8) [19]. For any given concentration of C.
trachomatis, there was a significant increase in the relative test line intensity for the integrated
ARROW and LFA system compared to the LFA only system. For example, at 50 g mL™ C.
trachomatis, the LFA only condition had a relative intensity of 30.3% =+ 10.8%, while the
integrated ARROW and LFA had a relative intensity of 76.8% + 11.1%. Similar results were
seen in the image analysis of the IgM tests with the integrated TUBE and LFA at all IgM
concentrations. For example, at 1.0 g mL™* IgM, the LFA only condition had a relative pixel
intensity of 36.1% + 6.6%, while the integrated TUBE and LFA had a pixel contrast intensity of

66.1% + 10.0%. In both cases, the image analysis was able to detect test lines with significantly
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greater intensities than the background at lower concentrations when the dehydrated ATPS

components were integrated.
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Figure 3.8 Plots of the quantified LFA test line intensities for a. the ARROW/LFA system and the LFA only
system, and b. the TUBE/LFA system and the LFA only system.

3.3.6. Improved Detection of IgM in Undiluted Serum

To demonstrate its utility in more complex biological matrices, the TUBE design was
also used to detect human IgM spiked in fetal bovine serum (FBS). The test procedure was
identical to that of the tests in PBS. As with the case of the tests in PBS, all tests in FBS did not
require any prior dilution in buffers, extraction steps, or running buffer additions to aid flow. The
undiluted sample volumes of the control LFA and the TUBE and LFA were 25 uL and 150 pL,
respectively. As shown in Figure 3.9, the detection limit of the LFA control remained at 0.31 g
mL? and the detection limit of the TUBE and LFA integration was 0.031 pg mL™. These
experiments demonstrated that the TUBE design was capable of processing serum samples and

demonstrated a 10-fold improvement in the LFA detection limit for the human IgM.
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Figure 3.9 The TUBE is used to improve the LFA limit of detection of human IgM in FBS. A comparison of
LFA results at varying human IgM concentrations, with and without the TUBE is presented. The LFA control
detected IgM at a concentration as low as 0.31 pg mL, whereas the TUBE and LFA integration detected IgM at a
concentration as low as 0.031 pg mL™.

3.4 Conclusions

In the current study, the authors present two new paper-based diagnostic designs that are
capable of thermodynamic target concentration through dehydration of ATPS components. With
these paper-based devices, only the sample needs to be added without additional sample
preparation steps. The dehydrated PEG-potassium phosphate salt ATPS was used in the
ARROW design to concentrate and detect C. trachomatis, and the dehydrated UCON-50-HB-
5100-potassium phosphate ATPS was used in the TUBE design to concentrate and detect human
IgM. Specifically, the ARROW and the TUBE designs improved the LFA limit of detection for

their respective biomarker targets by 10-fold, while still providing results in less than 15 minutes.

An LFA diagnostic with improved sensitivity, that still maintains its low cost, rapid time

to result, and ease of use, will significantly increase its applicability as a POC screening test for
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infectious diseases. Itis possible that the dehydrated ATPS technology can be applied to a
variety of different targets suitable for detection by LFA. Most LFA-based diagnostics for
infectious diseases are not developed or not used due to poor sensitivity. Considering that the
dehydrated ATPS can improve LFA sensitivity without adding any additional steps to the user,
this novel technology has the potential to create many viable infectious disease LFA tests, both

for use by physicians and as over-the-counter tests.
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Chapter 4. Extending the Washburn Model to Aqueous Two-Phase

Systems in Porous Media

4.1 Introduction

4.1.1 The Importance of Modeling Phase Separation in Paper

Paper-based phase separation of ATPSs has been demonstrated in the PEG-potassium
phosphate salt system and more recently been demonstrated in the Triton X-114 micellar system,
as discussed in Chapter 2. In both cases, the addition of a mixed solution to fiberglass paper
resulted in visible phase separation within minutes, in which one of the two phases is formed at
the leading fluid front (the leading phase) and the other phase follows behind (the lagging phase).
In the case of the PEG-salt ATPS, the leading phase is the salt-rich phase and the lagging phase
is the PEG-rich phase. For the Triton X-114 ATPS, the micelle-poor phase is the leading phase
and the micelle-rich phase is the lagging phase. While this phenomenon is not completely
understood, the porous paper is an added element that can significantly alter the traditional
mechanism of phase separation. In general, the pores in paper enable fluid to wick and move via
capillary action, which introduces a convective component that is not seen in traditional test
tubes [58]. Furthermore, the density of the phases, which was a dominant parameter that dictated
traditional phase separation and the orientation of the phases, seems to have less of an effect in
paper as the phases with greater density still appear to flow higher in vertical flow (i.e. the salt-
rich phase of the UCON-salt ATPS). New possible mechanisms can be hypothesized from a
variety of topics and fields, ranging from fluid flow in porous media, multiphase flow, paper or
thin-layer chromatography, as well as thermodynamic models of stochastic processes such as

nucleation and spinodal decomposition, in order to provide insight.
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A mathematical model that can accurately predict two-phase system wicking behavior in
paper-based devices is essential in the process of device design. Such a model can be used to
identify, under conditions that allow for phase separation, the leading phase and lagging phase
for any given ATPS. Furthermore, the model could be used to determine the optimal
concentrations and volumes of two-phase components that are required to produce a specific
flow pattern. This is especially important as paper-based ATPSs have great potential for
automated concentration of biomolecules. In order to model the phase separation behavior on a

macroscopic level, we looked into fluid mechanics models for wicking in porous media.

Wicking or spontaneous imbibition is the movement of a liquid into a porous medium,
driven by a negative capillary pressure that is created at the liquid-air interface. The capillary
pressure arises as a result of wetting the surface of the porous material. Wicking plays an
important role in many natural and industrial phenomena. One of the accepted approaches to
mathematically modeling the wicking phenomenon is the Washburn equation, or the Lucas-
Washburn equation, in which the porous medium is modeled as a bundle of smaller and aligned

capillary tubes of equal radii.

In this chapter, we evaluated the Washburn model as a framework to describe the flow of
isolated phases of the PEG-salt and Triton X-114 ATPSs in fiberglass paper. We compared bulk
phase fluid characteristics to identify the viscosity difference between the phases as a key
determinant of which phase becomes the leading phase once applied to paper. We also evaluated
the Washburn model generalized for non-Newtonian power law fluids and used it to model the
polymer-rich and micelle-rich phases. We then used the framework to predict the phase

separation capabilities of the PEG-Dextran and PEG-polyacrylic acid ATPSs.
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4.1.2 The Uses of Hydrogels

Hydrogels are loosely crosslinked hydrophilic polymer networks that are able to swell
and retain aqueous solutions. They are generally highly absorbent and may contain over 90%
water in their completely swollen state. Hydrogels can be comprised of both natural and
synthetic polymers, and synthesized by physical or chemical crosslinks to provide 3-D structures
of specific mechanical and chemical properties. Hydrogels have been extensively studied for
tissue repair and drug delivery applications, in which they act as scaffold supports for cells and
biomimetic membranes [76-80]. In more recent years, they have been favorable substrates for
robust in vitro detection of analytes due to their non-fouling properties and solution- like
environment, and only more recently have seen applications in combination with paper-based

diagnostics [83-85].

4.1.3 Rationale for Hydrogels as an Alternative Porous Medium

The mechanisms that lead to significant reduction in phase separation time of ATPSs
when they are applied to paper membranes is of great interest to our group. Several factors may
contribute to this phenomenon, which include the use of a porous membrane, specific
interactions (electrostatic, van der Waals, and hydrophobic/hydrophilic interactions) between the
paper material and the ATPS components, viscosity differences, interfacial tensions, and
gravitational and buoyant forces. By gaining a better understanding of how these factors all
contribute to phase separation, we can further improve our existing device. Like paper
membranes, hydrogels are porous platforms that readily accept aqueous solutions, and thus can
provide another means of accelerating phase separation of ATPSs. On a broader scope of
application, hydrogels also have potential compatibility with POC applications since they can be

affordable, compact, and require minimal power and training to use once they are synthesized.
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Therefore, in addition to using the Washburn equation as a framework for predicting phase
separation in paper, we applied the framework to predict the ability of ATPSs to phase separate
within hydrogels. In doing so, we successfully demonstrated phase separation of various systems

in polyethylene glycol dimethacrylate-based hydrogel systems.

4.2 Theory

4.2.1 The Hagen-Poiseuille Equation - Fully Developed Flow of a Newtonian Fluid in a
Circular Tube

This section summarizes the derivation of the Hagen-Poiseuille equation, which describes
the laminar, fully developed flow of a Newtonian fluid through a long circular tube of constant
cross section. Consider an elemental washer-like control volume within the circular tube as

shown in Figure 4.1.

Trz | r+Ar

T.|,

rz

P|Z—’ D P|2+Az

Figure 4.1 Force distribution on a selected control volume of a Newtonian fluid flowing through a circular
tube.
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A pressure gradient drives flow in the positive z direction. Note that since pressure
decreases as we move along the z axis in the positive direction, dP/dz is negative. A force
balance on the cylindrical shell incorporates the pressures at z and z + Az and the shear stress

terms at r and r + Ar . The resulting force balance is given as

P

|27 (F +AN)AZ] -7,

[27raz]=0 (1)

| w(r+Ar)? —zr? |-P

[7[([’ +Ar)? — 7zr2] +1,,

Z+Az

By neglecting second order Ar terms, utilizing the mathematical property

Tz | rear [27Z-(r + Ar)AZ] = (Trz r)

roar]277Az], and dividing both sides of the equation by 27ArAz,

Eq. (1) can be manipulated to

P -Pl, 7 -7
r Z+Az z rz (r+Ar rz(r :0 (2)
Az Ar
Taking the limits as Az — 0 and Ar — O results in Eq. (3):
_rd_P+ d(z—rzr) =0 (3)
dz dr
d(zr) _ 4P @

dr dz

Specifically, for a Newtonian fluid, the following relationship holds:

=u(ddv;j ©)

in which 4 is the fluid viscosity and dV, /dr is the fluid velocity gradient, or the stream rate.

Substituting Eg. (5) into Eq. (4) and integrating twice results in the following equation for the

velocity profile:
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_1dr,

+C,In(r)+C, 6
=2z (r) (6)

in which Cy and C, are constants of integration. Note that the pressure gradient is constant as we
have assumed fully developed flow in a cylindrical tube. The relevant boundary conditions for
Eqg. (6) include a maximum velocity at the center of the tube (which is the furthest from the

wall), and the no-slip boundary condition at the wall of the tube, which are shown below:

dVZ:Oatr:O (7)
dr
V,=0atr=R,; 8)

where R_ is the called the capillary radius, depicted in Figure 4.1. Applying the two boundary
conditions results in the following equation for the velocity of liquid moving through the tube as

a function of the distance from the center of the tube:

1 dP
ks

-R? 9
‘ 4,udZ CJ ©

Since the pressure gradient is constant, we have dP/dz=—-AP /L where AP is the pressure

difference over the distance traveled by the fluid in the tube (L ). Finally, the volumetric flow

rate of the liquid through the tube, Q, is given by

Q:j V, (27t d)_—Z”—APj (r*=R?)rdr (10)

where 2zrdr is the cross-sectional area element and the integral is computed from the center to

the wall of the tube. Completing the integration yields
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_ mAPR

Q 8uL

(11)

Equation (11), also known as the Hagen-Poiseuille equation or Poiseuille’s equation, is a

physical law that applies to both Newtonian liquids and gases.

4.2.2 The Washburn Equation for Flow in Porous Media

The Washburn equation, or the Lucas-Washburn equation, based on the Hagen-Poiseuille
equation and its assumptions, has been applied to model capillary-driven flows in porous media,
including paper [86,87]. This section reviews the derivation of the Washburn equation and its
adaption for porous media. First, the system is modeled as a tube with one end connected to a
liquid reservoir and the other end open to the atmosphere. Washburn focuses on the small

capillaries that satisfy laminar flow conditions and starts with Poiseuille’s Law as follows:

_ 7AP

dav =—
8ulL

(R*+4eR %)dt (12)

where dV is the volume of the liquid that flows through the given cross-section of the capillary
in time  dt, L is the distance the liquid flowed in the capillary, AP is the pressure drop across
the given length, . is the fluid viscosity, and ¢ is the slip coefficient. Note that the slip
coefficient arises from the general case in which the no-slip boundary condition is not applicable.
Shortly before the time of Washburn’s initial 1921 publication, the concept of slip was a highly
discussed topic, however, in the present time it is generally accepted that a fluid under laminar
flow will have zero velocity relative to the boundary at the solid-liquid boundary. When the no-
slip condition can be applied to practically the entire region of flow, the slip coefficient term will

become zero as addressed later in the derivation. At the end of a time period t the fluid will have
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moved a distance L and the moving velocity is described as dL/dt. The volume term is also

expressed as
dV = zR *dz (13)
Substituting Eq. (13) into Eq. (12) results in the following expression for the moving velocity

dL AP

E = —8R ZILIL (RC4 + 48RC3) (14)

The total net pressure consists of the atmospheric, hydrostatic, and capillary pressure
(determined from the Young-Laplace equation, Eq. (15)) which is then substituted into Eq. (14)

to yield Eq. (16)

P

capillary =

ZR_}/ cos(0) (15)

C

dL {Patm +pg(h _Is Sin((ﬁ))+é}:COS(9):| \ ,
= (R +4¢R.) (16)

dt 8R2ul

Here, P

atm

is the atmospheric pressure, p is the liquid density, g is the gravitational constant ,y
is the liquid-air surface tension, @ is the contact angle, h is the height of the liquid, ¢ is the
angle depicted in Figure 4.2, and |, is the linear distance of the fluid traveled assuming no
winding of the capillary (as illustrated in Figure 4.2). Assuming that ¢, 6, and & are constants,
the capillary is considered unwinding and I, = L. Equation (16) can be integrated using

substitution and the initial condition that at t =0, L =0 results in the following expression:
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—| Py + P9+ —=cos(& P h—L 0
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8u g sin(e) P +pgh+ ZRJ/ cos(®)

C

(17)

Figure 4.2 Example of the capillary tube from the Washburn model. L is defined as the actual distance traveled
by the fluid (solid blue line) and Is is defined as the linear distance traveled, or the shortest distance between the
beginning end of the capillary and the leading fluid front (dashed blue line).

At this point, two limiting cases corresponding to ¢ =90° (vertical tube) and ¢ =0°

(horizontal tube) are discussed.

Case 1: Vertical Flow
In the vertical flow case, ¢ =90°. Furthermore, & =0 asthe no-slip condition applies.

Also, in the case of flow that is driven under capillary pressure in small capillary tubes, the
atmospheric and hydrostatic pressures are negligible compared to the capillary pressure (i.e.,

P +29(h—L)J 2ycos(6)/R.). These approximations simplify Eq. (17) to
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, {?/cos(e)}
(p9R, )t+ B S Y PR - (18)

8u PY 2R7/ cos(6)

c

Note that pgL [ 2ycos(@)/R, also holds for a reasonable » with a small capillary radius (R,),
as the gravitational term is relatively small. A Taylor series expansion of the logarithmic term

can then be performed about pgL/(2ycos(6)/R.)~0. This yields:

2y I |
- cos(@)}
(P9RS), | _ [Rc _pgk Pl
. t+L= > > 19)
u g
P ECCOS(G) 2(2R}/ COS(H)}
Simplifying Eq. (19) results in
12— yR_ cos(O)t (20)
2/

where L is the distance moved by the fluid front, t is time, D is the average hydraulic pore
diameter, y is the surface tension, and . is the fluid viscosity. This is the commonly used

Washburn equation.

Case 2: Horizontal Flow
In the case when ¢ =0°, we need to look back to Eq. (16) and rearrange the equation as

follows

2
L g~ RE+4sR) o

{F’atm +pg(h—lssin(¢))+gcos(e)} 8u

c

(21)
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Here, we can apply ¢ =0°, £ =0 (no-slip condition applies), and use the assumption that
atmospheric and hydrostatic pressures are again negligible compared to the capillary pressure

(ie., P, +p9(h—L)J 2ycos(9)/R,).

——dL= 8C dt (22)
ﬁz}/ cos(é?)} H

C

Integrating both sides of Eq. (22) and using the initial condition at t=0, L =0, we again obtain

the Washburn equation as shown in Eg. (20).

4.2.3 Flow of Non-Newtonian Fluids in Circular Tubes

While the Washburn equation assumes Newtonian fluid flow, the solutions we intend to
study may not always demonstrate Newtonian behavior. To predict the dynamics of such fluids,
the constitutive model for fluid viscosity is changed to the power law model introduced by

Ostwald and de Waele [88,89], which is given below for cylindrical coordinates:

dv \"*
=k z 23
/ueff ( dr J ( )

where ., is the effective viscosity, k is the flow consistency index, and nis the flow behavior
index. The power law model is a simple and useful relationship that approximately describes the
behavior of non-Newtonian fluids within a given range of shear rates. Values of n <1 represent
shear-thinning (pseudoplastic) fluids, while values of n > 1 represent shear-thickening (dilatant)
fluids. When n =1, the Newtonian model is recovered, with k being equal to the viscosity

coefficient .
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The following is a summarized derivation of the application of the Washburn equation to

power law fluids [90-92]. Assumptions used in the derivation include:

e Uniform capillary radius

e Gravitational effects are disregarded under horizontal flow and for small vertical
capillaries

e The fluid is incompressible

e Flow is fully developed, laminar, and unidirectional

The procedure for the solution of elementary flow problems for power law fluids is very
similar to that for Newtonian fluids, but with the added complexity introduced by the power law

stress-strain relationship [93]. We start with Eq. (4) and integrate once to give:

_1ldP B (24)

Ty =7
2 dz r

where B, is a constant of integration. Using the boundary condition at r =0, z,, is finite, we see

that B, has to be zero since one does not expect an infinite shear stress at the axis of the tube.

1dP
=—=r 25
TI'Z 2 dZ ( )

Subsequently, we use the power law-modified equation for shear stress, which is given by

substituting Eq. (23) into Eq. (5) in place of the viscosity term. Thus, we obtain

=k(d\’2j (26)
dr
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which is then equated to Eq. (25). Rearranging for the velocity gradient, taking the nth root of

both sides and integrating the first-order derivative gives

Un  (@n)+
V, = (i d—P) ' B, 27)
2k dz @/n)+1

in which B, is a constant of integration. Using the no-slip boundary condition that

V,=0atr =R, results in the final expression for the velocity profile:

1/n
VZ _ (id_PJ ;I:rllm-l _ Rclln-f-l} (28)
2k dz @/n)+1

Note that an alternative method is to integrate twice to obtain the velocity gradient
expression with two constants of integration. Using the maximum velocity at boundary condition
at r = 0 and the no-slip boundary condition, as mentioned in Egs. (7) and (8) in the above Hagen-
Poiseuille derivation, will produce the same result as Eq. (28). The volumetric flow rate is then

given as

Q= joRch (27rdr)

Q= 2z_(1 dP
1/n+1\ 2k dz

~ ”ch _&d_P 1/n
3+1/n\ 2k dz

1Un
J J‘ORC (r¥7 _ R ¥y rdr (29)

In the integrations above, the pressure gradient was again treated as constant due to assuming

fully developed flow in a cylindrical tube. Moreover, since the pressure gradient is a constant,

dP/dz=-AP/L where AP is the pressure difference and L is the distance traveled by the fluid

75



in the tube. Since the moving velocity dL/dt=Q/(zR.’), substituting this expression into Eg.

(29) results in the following equation for the moving velocity:

d. R, (RC AP)M

2= o 30
dt 3+1/n (30)

2k L
Neglecting gravitational effects, only the capillary pressure remains, therefore AP =F_ .. as

described in Eq. (15). Adding this substitution results in Eq. (31), which is then rearranged to Eq.

(32):
1Un
db _ R [ R; 2ycos(9) (31)
dt 3+1/nl2k RL
R (2ycos(@) )"
L= | £ dt (32)
3+1/n k

Integration of Eq. (32) with the initial condition at t =0, L =0results in Eq. (33), which is the

Washburn equation expanded to power law fluids.

L K n+1 j(ycos(e) j”” Rct}nﬂ (33)
3n+1 k

This expression matches what has been reported in the literature [90]. In addition, if n=1 and

k = 1, Eq. (33) returns the classical Washburn equation for Newtonian fluids. Within this study,
we first use the Washburn model for Newtonian fluids to describe ATPS phase flow, and then

evaluate the use of the model modified for power law fluids.
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4.3 Materials and Methods

4.3.1 ATPS Preparation and Bulk Phase Extraction

All ATPSs were prepared using component concentrations that produced a 1:1
equilibrium volume ratio at 25<C. To prepare the PEG-salt ATPS, polyethylene glycol 8000
(PEG 8000) (VWR, PA, USA) and potassium phosphate (in a dibasic:monobasic mass ratio of
5:1) were dissolved in Dulbecco’s phosphate-buffered saline (PBS, pH 7.4, containing 1.47 mM
KH2POy4, 8.10 mM Nay;HPO4, 138 MM NaCl, 2.67 mM KCI, and 0.495 mM MgCk) (Invitrogen,
CA, USA). The final concentrations of the components were 12.5% w/w PEG and 7.5% wi/w
potassium phosphate. To prepare the Triton X-114 ATPS, Triton X-114 was dissolved in PBS to
a final concentration of 4% w/w. To prepare the PEG-Dextran ATPS, PEG 8000 and dextran
(MW 6000) were dissolved in PBS to final concentrations of 7% w/w PEG and 17% wi/w
dextran. The PEG-polyacrylic acid (PAA) ATPS was prepared with PEG 8000 and sodium
polyacrylate (Polysciences, PA, USA) dissolved in PBS to final concentrations of 15% w/w PEG
and 14.3% w/w PAA. All reagents were purchased from Sigma Aldrich unless otherwise stated.
Each solution was vortexed and allowed to phase separate overnight. After phase separation was
completed, the solution was centrifuged for 5 min at 2000 rpm, and the immiscible coexisting

phases were extracted via syringes and collected in separate tubes for characterization.

4.3.2 Nanoparticle Synthesis

BSA-coated gold nanoparticles (BSA-GNs) were synthesized in the same manner
previously mentioned in Chapter 2. PAA-coated iron oxide nanoparticles were produced in the
following manner. 100 mL of 1 M NaOH was prepared and stirred under nitrogen gas. 10 mL of
a 1:2 molar ratio of FeClL/FeCl; was then added dropwise. After mixing for 2 hours, the iron

oxide nanoparticles (IONPs) were then separated using a magnet and centrifuged for 15 min at
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3500 rpm. To coat the IONPswith PAA, the IONP suspension was first sonicated. Then 5 mL of
0.1% (w/w) PAA solution in water was added to the suspension, which was then sonicated again

for 8 minutes to produce PAA-coated IONPs.

4.3.3 Imbibition Experiments

Imbibition experiments were conducted to measure the flow speeds of each of the bulk
ATPS phases through fiberglass paper (Whatman Inc, GE Healthcare Bio-Sciences, PA, USA).
The paper was cut into 0.5 cm <7 cm strips and marked with a pen every 0.5 cm along the
length of the strip. An ambient temperature of 25 0.5 <C and humidity of 49% =+2% were
maintained throughout the experiments in this study. To minimize evaporation effects, the paper
strips were placed in a casing consisting of glass slides and adhesive tape (Lohmann
Technologies, KY, USA). The casing was designed with a 0.5 cm wide slit through which the
paper strips could be inserted. The glass cover of the casing enabled clear visualization of the
imbibition process and was treated with Sigmacote to prevent fluid absorption onto the glass. A
10 cm Petri dish was filled with 2 mL of the extracted bulk phase and 2 | L of Brilliant Blue FCF
dye (The Kroger Co., Cincinnati, OH). The dye was added to help visualize the advancing fluid
through the paper strip. For vertical flow measurements, the paper strip and casing was dipped
into the Petri dish that was lightly mixed with a micro stir bar. For horizontal (lateral) flow
measurements, 2 mL of the extracted phase fluid (which also contained 2 L of Brilliant Blue
FCF dye) was held in a plastic case. The paper strip and casing were inserted horizontally across
the plastic case until the paper strip made contact with the fluid (Figure 4.3). The wicking
process was recorded using a Canon PowerShot SX200 IS video camera (Canon, Tokyo, Japan).
Experiments were performed in triplicate and time points were determined with Windows Movie

Editor.
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Figure 4.3 (a.) Paper strips enclosed in a casing consisting of a Sigmacote-treated glass slide and adhesiwe
membrane. Paper strip wicking from reservoir during experimentation for (b.) horizontal flow and (c.) vertical
flow.

4.3.4 Bulk Phase Characterization

Wilhelmy plate surface tension measurements of each of the bulk phases were collected
using the Kriss K100 force tensiometer (Kriss USA, NC, USA) at 25<C. A standard platinum
plate attached to the tensiometer was used. Measurements were taken in triplicate. The surface
tensions of PBS and deionized water were also measured as controls. Sessile drop contact angle
measurements on the fiberglass paper substrate were taken using a goniometer and video
capturing software. Viscosity measurements were acquired using a Brookfield LVDV-1 Prime
digital viscometer (AMETEK Brookfield, MA, USA). Viscosity measurements were performed

in triplicate and averaged.

4.3.5 Hydrogel Synthesis
Microporous polyethylene glycol dimethacrylate (PEGDMA) hydrogels were synthesized
using the salt-leaching method. Briefly, a 70% (w/w) solution of PEGDMA (Mw 750) in a

saturated NaCl solution was prepared. This solution was then centrifuged for 10 min at 2,000
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rpm to separate any precipitated salt from the rest of the PEGDMA solution. The supernatant
was then extracted and was used as the precursor solution for the hydrogels. NaCl crystals in the
size range of approximately 45 pm were prepared with a mortar and pestle and sieve. 0.5 g of
salt crystals were added to every 1 mL of PEGDMA solution, followed by 1 L of 20% (w/v)
Irgacure 2959 in 70% ethanol. The entire mixture was mixed and pipetted onto a Sigmacote-
coated glass slide. A second Sigmacote-treated glass slide was placed on top of the solution with
coverslips stacked to form spacers. The two glass slides were strongly held together by binder
clips. The solution was treated with UV light at 3" distance for 10 min. The gel was then
carefully removed from the mold and submerged in deionized water overnight to leach the salt
crystals from the gel interior. The hydrogels were then removed, frozen at -80“for 15 min, dried
under low pressure in a lyophilizer for 10 min, and then dried further in ambient air conditions

for 30 min, which caused the hydrogels to turn slightly white in color.

4.4 Results and Discussion

4.4.1 Imbibition Experiments with Paper

The results of the imbibition experiments for the ATPS bulk phases are shown in Figure
4.4. For the PEG-salt ATPS, the PEG-rich phase demonstrated significantly slower wicking
speeds than the salt-rich phase, while for the Triton X-114 ATPS, the micelle-rich phase
demonstrated significantly slower wicking speeds than the micelle-poor phase. These studies of
the bulk phase speeds correlate with our empirical observations of ATPS phase separation in that
the leading phase for each ATPS appears to be the faster flowing phase. Furthermore, there is a
noticeable decrease in flow speed when the fluids flowed vertically up the paper strip rather than
horizontally across the strip. While the original derivation suggests that the same Washburn

equation is suitable for both vertical and horizontal flow, it is evident that this does not work well
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with our experimental results. Although gravitational effects were neglected in the derivation for
the vertical case, it is possible that they act to counter the capillary pressure and slow down fluid
flow. Future studies may involve incorporating gravitational contributions to the vertical model
to make it more accurately describe the experimental results. Regardless, the micelle-poor and
salt-rich phases still demonstrated faster flow speeds relative to the micelle-rich and PEG-rich
phases when flowing vertically, so this did not change which phase became the leading phase.
From these observations, we thought that it is possible that detailed characterization and study of
the bulk phases of a particular ATPS can be used to model and predict the leading phase in
paper. The bulk phases for these two systems were then characterized for the parameters

included in the Washburn equation.
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Figure 4.4 Experimental results for wicking of the PEG-salt bulk phases and Triton X-114 bulk phases in
fiberglass paper. The horizontal flow orientation is compared to the vertical orientation.
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4.4.2 Properties of the Extracted Bulk Phases

Surface tension, contact angle, and viscosity measurements were collected for each of the
bulk phases of the PEG-salt and Triton X-114 ATPSs. The results are listed in Table 4.1. All
phases were found to completely wet the fiberglass paper during sessile drop experiments,
producing no measurable static contact angle. Therefore, we made the assumption that & ~0° for

all phases tested.

Table 4.1 Experimental surface tension, viscosity, and static contact angle measurements of PEG-salt and
Triton X-114 ATPS bulk phases.

Surface Tension : : Static contact
Bulk Phase (N ) Viscosity (cP) angle on paper (9
Salt-rich phase 57.47 =0.03 1.83 +0.03 ~0
PEG-rich phase 55.34 £0.09 23.88 £1.29 ~0
Micelle-poor phase 29.99 +0.01 1.55 +0.04 ~0
Micelle-rich phase 29.97 =0.01 120.67 +=0.47 ~0

The surface tensions of the deionized water and PBS controls were 72.07 0.02 mN st
and 68.22 +0.01 mN !, respectively. The surface tension of the salt-rich phase of the PEG-salt
system was found to be lower (57.47 +0.03 mN m'!) compared to that of the PBS control, and
quite comparable to that of the PEG-rich phase (55.34 +0.09 mN m*). While the lowered
surface tension of the PEG-rich phase can be attributed to the presence of PEG at the surface, we
speculate that the decrease in surface tension of the salt-rich phase can be explained by the
presence of the additional phosphate ions added to the PBS. In general, the lowering of surface
tension by salt depends on the nature of the salt ions, specifically their size and charge density.
Smaller ions with high charge density, such as Na* and CI, can become highly hydrated as they
increase the organization of water molecules by tightly noncovalently binding the water around

themselves. The electrostatic interactions formed between water and the salt ions are stronger

83



than the hydrogen bonds formed between water molecules. The intermolecular bonds formed in
the bulk solution increase, and as a result the surface tension increases. On the other hand, larger
ions with low charge density become less hydrated as the electrostatic interactions between the
water and salt ion are weaker than the hydrogen bonds between water molecules. The ions
become highly polarizable and move to the surface. The penalty for moving a water molecule to
the surface therefore decreases, leading to a decrease in surface tension. The effect of phosphate
ions on surface tension ultimately depends on the pH of the buffered solution and the proportion
of the various dissociated forms of the phosphate ion. At pH 7.4, phosphate ions exist as 39%
H,PO,4 which is a relatively polarizable species capable of decreasing the liquid surface tension.
The surface tension measurements for the micelle-poor and micelle-rich phases were also very
similar. This makes sense as both phases contain Triton X-114 at concentrations above the
surfactant’s critical micelle concentration (CMC). Above the CMC, the water-air interface
becomes saturated with surfactant, and further addition of surfactant goes toward adding to or

creating micelles. Therefore, the surface tension is expected to remain relatively constant.

In both the PEG-salt and Triton X-114 ATPS, the viscosities between the two phases
were found to differ greatly. The salt-rich phase had a measured viscosity of 1.83 #0.03 cP
while the PEG-rich phase had a measured viscosity of 23.88 +1.29 cP (an approximately 13.1-
fold difference in viscosity between the two phases). For the Triton X-114 ATPS, the micelle-
poor phase had a measured viscosity of 1.55 #+0.04 cP while the micelle-rich phase had a
measured viscosity of 120.67 £0.47 cP (an approximately 77.9-fold viscosity difference). These
significant differences arise from the greater concentration of polymer or overall surfactant that
exist in the more viscous phases, and correlate with the slower flow speeds observed in

imbibition. From this data, we conclude that of the measured factors, fluid viscosity plays a
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dominant role in deciding which phase is the leading phase, while surface tension and static
contact angle appear to provide minimal effects as the differences between the two phases are

small.

From a mechanistic viewpoint, it is reasonable to assume that viscosity differences will
play a role in enhancing phase separation. We hypothesize that in the case of paper-based
separation, the highly porous structure of the paper is able to accelerate the coalescence of
domains based on these viscosity differences. For example, the Triton X-114 system has a
micelle-rich phase that has a greater viscosity than the micelle-poor phase, and this viscosity
difference is present at the scale of domains that are formed at the onset of phase separation. As a
mixed solution is initially added to the paper, viscous micelle-rich domains that form would
become held back by these porous structures while less viscous micelle-poor domains flow
through the pores more easily. Therefore, micelle-rich domains have a greater likelihood of
contacting and coalescing with other micelle-rich domains that are held back in the fluid flow.
Likewise, the faster-flowing micelle-poor domains also coalesce more easily at the fluid front.
This accelerates the formation of the resulting phases on a macroscopic level. Furthermore, a
minimum difference in domain viscosities is necessary for this effect to be seen at this

macroscopic level.

4.4.3 Incorporating Adjustments for Non-Newtonian Fluids

However, the viscosity differences between the two phases in the studied systems are
relatively large, and since the Washburn equation assumes the fluids are Newtonian, it was
important to check for any potential non-Newtonian behavior. This non-Newtonian behavior will
more likely arise in the more viscous phases rather than the less viscous phases due to the higher
polymer or surfactant content within these phases. Polymer and surfactant solutions above
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certain concentrations will generally exhibit shear-thinning behavior [87,94-96]. We used the
cone-plate viscometer to vary the shear rate and measure the change in shear stress for the
micelle-rich phase and the PEG-rich phase. The data was then fitted to a power function to
calculate the experimental flow behavior index (n) of these particular phases according to Eg.
(26). The results for the PEG-rich and micelle-rich phases are shown in Table 4.2. Both phases
returned n values less than 1, which is in agreement with the shear-thinning behavior of such

solutions.

Table 4.2 Values of n for viscous phases calculated from viscometer experiments.

Bulk Phase | PEG-rich Micelle-rich
n | 0.874 0.876
Characteristic | Shear-thinning Shear-thinning

Because the flow behavior indices differed from 1, we then needed to make adjustments
to the Washburn model to account for the potential non-Newtonian behavior. We decided to
relax the assumption of Newtonian fluids in our model, and we utilized the power law-modified
Washburn equation, derived above as Eq. (33), to describe the micelle-rich and PEG-rich phases.
The original equation was used to describe the salt-rich and micelle-poor phases. To verify
whether the Washburn model is suitable in describing the experimental results, the imbibition
data of the less viscous phases was plotted with the distance L vs. the square root of time t, and
linear regression was performed. Similarly, to verify the modified Washburn model, the
imbibition data of the more viscous phases was plotted with the distance L vs. traised to the

power of n/(n+1), followed by linear regression. As shown in Figure 4.5, the data for all

phases measured provided excellent R-squared values which confirm Washburn-like behavior,
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and also confirm that the power law adjustments to the Washburn model also accurately reflected

the experimental results.
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Figure 45 Linear regression demonstrates the validity of the Washburn equation in describing the
experimental studies for the imbibition of the less viscous phases (top). Linear regression also demonstrated the
validity of the power law-modified Washburn equation for describing imbibition of the more viscous phases
(bottom).
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One major limitation of the Washburn equation for applications to paper is that the
average pore size is very difficult to measure. As fiberglass consists of non-interconnected fibers
rather than a completely linked network, the capillary tube assumption in the Washburn equation
is not entirely appropriate. Despite this limitation, it has been utilized for a variety of paper
imbibition experiments with acceptable accuracy, with the average pore size of the paper
typically measured indirectly as a result. However, there is a lack of studies in the literature that
describe wicking in fiberglass paper, as most of the studies utilize cellulose or nitrocellulose-
based materials. According to the Washburn equation, the slopes calculated from each phase

would equal ¥R_cos(&)/2u, and therefore, the slopes can be used to calculate the pore diameter,

equivalent to 2R_. For the power law-modified Washburn equation, nonlinear least-squares

regression was conducted to calculate the pore diameter. To simplify the analysis, we assumed
that the capillary pore size does not change after imbibition. The results are shown in Error!
eference source not found.. The pore diameter calculated from the PEG-rich data (7.7 |m)
closely matches the pore diameter calculated from the salt-rich data (6.4 m). Similarly, the pore
diameter calculated from the micelle-rich data (22.4 |m) is similar to the pore diameter

calculated from the micelle-poor data (20.6 pm).

Table 4.3 Comparison of the calculated pore diameters from the original Washburn equation and the power
law-modified equation for the PEG-rich and micelle-rich phases. Values from the power law-modified
Washburn equation are shown to be similar to the values generated for the salt-rich and micelle-poor phases (which
are assumed to be Newtonian).

PEG-salt ATPS Salt-rich PEG-rich
Bulk Phase (original equation) (power-law)
Washburn 6.4 7.7
Diameter (pm)

Triton X-114 ATPS Micelle-poor Micelle-rich
Bulk Phase (original equation) (power-law)
Washbumn 20.6 22.4

Diameter (pm)
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We noticed that within a given ATPS, there was slight variation between the calculated
capillary pore diameters of the two phases. Possible factors that contribute to the variation
include small differences in wettability between the two phases or from differences in fiber
swelling. Pore-scale swelling of the glass fibers changes the structure and molecular arrangement
of the material, which affects the wettability and wicking properties of the material. Since we
expect the two phases to effect paper swelling to different extents, we would expect some
variation in the experimentally determined average pore sizes in the imbibition experiments. We
also noticed that the less viscous phase has the smaller pore diameter, despite having the faster
wicking velocity. Here, the difference can be attributed to the dominant influence of the phase
viscosity as shown in Eg. (20). Considering these slight variations, it should be noted that the
pore sizes are only approximate estimates. Despite this consideration, the calculated pore
diameters still appear reasonable as typical listed pore sizes of fibrous paper fall within the 10-
100 um size range. Altogether, the results suggest that the Washburn equation and its
modifications are suitable for modeling the flow of bulk phases of two-phase systems within

fiberglass paper.

4.4.4 Predicting Phase Separation Ability of a Polymer-Polymer ATPSs

Encouraged by the above results, we next aimed to apply our theoretical framework to
predict the phase separation of the PEG-Dextran and PEG-PAA polymer-polymer systems in
paper. Both systems produce phases enriched in a particular polymer. In a tube, the PEG-Dextran
system produces a top PEG-rich phase and a bottom dextran-rich phase, while the PEG-PAA

system produces a top PEG-rich phase and a bottom PAA-rich phase (Figure 4.6). Since the
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previous experiments with the PEG-salt and Triton X-114 systems indicate that the contact
angles and surface tensions are likely to be similar between the two phases, we focused on the
difference in viscosities between the two phases of these new systems as the primary predictor of

phase separation.

PEG-Dextran PEG-PAA

Figure 4.6 Images of phase-separated PEG-Dextran and PEG-PAA ATPSs in a test tube, with their
appropriate colorimetric indicators for each phase. In the PEG-Dextran ATPS, red-colored BSA-GNs indicate
the bottom dextran-rich phase and Brilliant Blue FCF dye indicates the top PEG-rich phase. In the PEG-PAA ATPS,
brown-colored PAA-coated iron-oxide nanoparticles indicate the bottom PAA-rich phase and Brilliant Blue FCF
indicates the top PEG-rich phase.

The measured viscosities of the individual phases are shown in Table 4.4. Within the
PEG-Dextran system, the viscosities of the PEG-rich phase and dextran-rich phase were 11.3 cP
and 12.7 cP, respectively. These values present a relatively small difference in viscosity,
producing only a 1.1-fold difference between the two phases. On the other hand, within the PEG-
PAA system the viscosity difference was larger as the PEG-rich phase viscosity was 47.1 cP and

the PAA-rich phase was 15.6 cP (an approximately 3-fold difference).
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Table 4.4 Measured viscosities of the PEG-Dextran and PEG-PAA phases.

Bulk Phase Viscosity (cP)
Dextran-rich phase 12.7
PEG-rich phase (PEG-Dextran) 11.3
PAA-rich phase 15.6
PEG-rich phase (PEG-PAA) 47.1

Horizontal imbibition experiments were also performed for each of the bulk phases and
the results are shown in Figure 4.7. There was a noticeable difference in wicking speeds of the

PEG-PAA ATPS phases, however the difference was much less apparent for the PEG-dextran

system phases.
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Figure 4.7 Imbibition plots for the PEG-Dextran and PEG-PAA phases on fiberglass paper.

Finally, the ATPSs were applied directly to a strip of fiberglass paper and the visual
results are shown in Figure 4.8. There was no visible separation of the PEG-Dextran ATPS as the
colorimetric indicators (red GNPs and Brilliant Blue FCF) blended together and appeared very
diffuse. In contrast, there was noticeable phase separation of the PEG-PAA system as the leading
PAA-rich phase was clearly marked by the concentrated PAA-coated iron oxide nanoparticles at
the leading front of the fluid, and the PEG-rich phase, indicated by the Brilliant Blue FCF,
lagged behind. Phase separation occurred within 2-3 minutes. As predicted, the larger viscosity
difference between the phases of the PEG-PAA ATPS correlated with the system’s ability to
phase separate when applied to the paper strip. These results indicate that the viscosity difference

between phases is a suitable to predict the phase separation abilities of these two-phase systems.
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Figure 4.8 Visual results of PEG-Dextran and PEG-PAA ATPSs applied to paper. Visible phase separation is
seen for the PEG-PAA ATPS but notseen for the PEG-Dextran ATPS.

4.4.5 Extending the Phase Separation Phenomenon to Hydrogels

After demonstrating that the Washburn equation and its parameters can be used to predict
the phase separation of ATPSs on fiberglass paper, we next aimed to extend our established
framework to predict phase separation in an entirely different type of porous medium. PEGDMA
hydrogels served as our model hydrogel system as they are relatively easy to synthesize.
Furthermore, their pore sizes can be tuned to the micrometer scale via methods such as salt-
leaching. We made microporous PEGDMA hydrogels to allow for unhindered flow of the

nanoparticles used as colorimetric indicators.

If we refer back to the Washburn equation parameters that were experimentally
characterized, we note that viscosity and surface tension are parameters that describe the fluid, so
the previously obtained values are still valid even when applied to a hydrogel system. Since the
contact angle depends on the solid-liquid interfacial tension as well as the solid-air surface
tension, we would expect these values to differ from those of the paper. Therefore, we conducted

sessile drop measurements of the individual phases of the PEG-salt ATPS, the Triton X-114
93



ATPS, the PEG-Dextran ATPS, and the PEG-PAA ATPS on a dried PEGDMA scaffold. Since it

was found that all the phases completely wetted the hydrogels, we made the same assumption

that @ ~0° for all phases tested on the hydrogel. Therefore, we still expected that the viscosity
difference would be the dominant factor in determining the phase separation ability of these four
ATPSs within hydrogels. Since the PEG-salt, Triton X-114, and PEG-PAA ATPSs demonstrated
large enough differences in viscosity, we predicted that they too would separate in hydrogels
based on this viscosity difference, while the PEG-Dextran ATPS would not separate based on its

small phase viscosity difference.

Imbibition experiments were also conducted for each of the phases on the dried
PEGDMA gels. As shown in Figure 4.9, there were noticeable differences in wicking speeds
between the phases of the PEG-salt, Triton X-114, and PEG-PAA ATPSs, which were similar to
that seen from the imbibition experiments on fiberglass paper. There was also no significant
difference in wicking speeds of the PEG-Dextran ATPS phases, and therefore, the imbibition
experiments further support the prediction that only the PEG-Dextran would not be able to

separate in hydrogels.
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Figure 4.9 Imbibition plots for PEG-salt, Triton X-114, PEG-PAA, and PEG-Dextran ATPS phases on
PEGDMA hydrogels.

The visual results from the application of the four ATPSs to the dried hydrogels are
shown in Figure 4.10. As predicted, the PEG-salt, Triton X-114, and PEG-PAA ATPSs

demonstrated successful phase separation within 2-3 minutes as the solutions wicked through the
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hydrogels. Furthermore, we witnessed the same leading phases as seen in paper. These include
the salt-rich phase (indicated by BSA-GNSs), the micelle-poor phase (indicated by BSA-GNSs),
and the PAA-rich phase (indicated by PAA-coated IONPSs). To our knowledge, this is the first
time that hydrogels have been used to enhance the phase separation rate of ATPSs,

demonstrating that the phenomenon is not simply restricted to paper-based materials.
Furthermore, phase separation was not seen for the PEG-Dextran ATPS, which demonstrates that
our theoretical framework can also be applied to successfully predict the phase separation ability

and inability of various ATPSs within hydrogels, as well as within paper.

PEG-salt ATPS Triton X-114 ATPS PEG-PAA ATPS PEG-Dextran ATPS

Figure 4.10 Phase separation of the PEG-salt, Triton X-114, and PEG-PAA ATPSs in hydrogels. Phase
separation was witnessed within 2-3 minutes. As predicted, the PEG-Dextran ATPS was unable to phase separate.

4.4 Conclusions

In the current study, we developed a theoretical framework based on the Washburn
equation to model and describe the phase separation of aqueous two-phase systems applied to
paper membranes. By characterizing the viscosities, surface tensions, static contact angles, and
wicking behavior of individual phases from the PEG-salt and the Triton X-114 ATPS, we found
that the bulk phases exhibit classical Washburn behavior with adequate accuracy. Furthermore,
we characterized the phases for the parameters in the Washburn model and identified phase

viscosity as a dominant factor in determining the leading phase and lagging phase as confirmed
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from our previous observations. Viscosity differences can therefore be used to predict if paper
could enhance phase separation, and if so, which phase will constitute the leading phase. We
then expanded the Washburn model and incorporated the power law model for fluids to account
for non-Newtonian behavior in the more viscous phase, confirming the shear-thinning behavior
expected of such polymer and surfactant solutions. By determining the flow behavior index of
individual phases of a particular ATPS, we are able to quantitatively predict the flow behavior of

the individual phases.

After establishing this framework by studying systems known to phase separate in paper,
we then applied it to successfully predict the ability of the PEG-PAA polymer-polymer system to
phase separate as well. In addition, we successfully predicted the inability of the PEG-Dextran
polymer-polymer system to phase separate. Finally, we extended this framework to predict and
demonstrate phase separation of ATPSs in PEGDMA hydrogels, demonstrating that the phase

separation enhancement can potentially apply to porous media in general.
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