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Continuous flow paper electrophoresis (paper CFE) is a field separation technique utilized for
the separation of various charged molecules. It is capable of processing any volume and serving
as both an analytical and preparative tool. However, traditional paper CFE systems are limited by
their large size, high power requirements, and long operation times, primarily suited for well-
resourced laboratory settings. This project aims to address these limitations by miniaturizing
paper CFE to a portable scale and reduce dependency on high voltage sources to expand the
accessibility of electrophoresis separation. By changing the driven force from gravity in the
traditional paper CFE to a capillary-driven system, and manipulating buffer composition, the
project seeks to design a platform to achieve the separation of analytes. The project investigated
the utility of the platform on detecting sickle cell hemoglobin as an analytical tool. Sickle cell
hemoglobin results from a point mutation in the wild-type hemoglobin, altering a single amino
acid in its structure, leading to different hydrophilicity and isoelectric point. The separation
principle in this platform mainly depends on the difference in isoelectric point of the analytes.
The successful development of this platform will provide a new tool contributing to improved
disease management and patient outcomes. As the result, the designed prototype, with
dimensions of approximately 4 cm*10 cm and operating at 30 V to 50 V, offers portability and
reduced power requirements, and the separation of low molecular weight analytes and proteins
was observed. Further work is needed to optimize the separation between proteins. The platform
also shows potential for hemoglobin quantification. Overall, this project is a proof of feasibility
and an advancement toward creating an analytic or preparative device that can be used in both
basic lab settings and point-of-care tests in the field, making it more accessible outside of
traditional labs.
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CHI1 Clinical Background - Sickle Cell Disease

1.1 Sickle Cell Disease

Sickle cell disease (SCD) is an inherited red blood cell disorder associated with abnormal
hemoglobin [1]. The abnormal hemoglobin reduces the ability of red blood cells to carry oxygen
and distorts the cell shape. Sickle cells have shorter cellular life spans compared to normal red
blood cells. They also have hard, sticky, sickle-shaped cell structures, leading to red blood cell
shortage, clogged blood vessels, and damaged organs in the long term. In 2021, the global
incidence of SCD in newborns was approximately 515,000, and people living with SCD were
about 7.74 million, with a total mortality burden of around 385,000 [2]. From 2000 to 2021, the
global total incidence and newborn incidence increased 41.4% and 13.7%, and the total death of
people with SCD increased by 20.8%. SCD is prevalent in historically malaria-endemic regions,
including sub-Saharan Africa, India, the Mediterranean, and the Middle East. This distribution is
linked to the evolutionary advantage of the heterozygous genotype, which reduces the severity of
malaria, whereas the homozygous genotype leads to disease [3]. In 2021, newborns with SCD in
sub-Saharan African were estimated to be 405,000, which had increased by 27.2% from 2020, due
to the population growth in that region. In the United States, it was estimated that about 100,000
people live with SCD [4]. The condition is most common among African Americans, occurring in
about 1 in every 365 births in this population, while the incidence among Hispanic Americans is
roughly 1 in 16,300 births. Additionally, around 1 in 13 African American newborns carries the

sickle cell trait.

SCD is an autosomal recessive inheritable disease associated with a point mutation in HBB

gene, which is the gene that code for the sickle cell hemoglobin (HbS) [5]. SCD symptoms occur



when an individual inherits genes of HbS from both parents (HbSS), or a combination of genes of
HbS and other abnormal hemoglobin variants such as HbC or B-thalassemia (HbSC, HbS[°-
thalassemia, HbSB*-thalassemia), where HbSC and HbSP*-thalassemia are the milder forms of
SCD compared to HbSS. Sickle cell trait (SCT) occurs when an individual only inherits one copy
of the HbS gene from a parent and inherits a copy of normal hemoglobin (HbA) from the other
parent. People living with SCT do not exhibit SCD symptoms, but there is a risk of passing the
HbS gene to their children, inducing the risk of the children having SCD. HbS results from a single
DNA nucleotide base pair mutation in the 6th codon, GAG to GTG, on the B-globin gene, changing
the amino acid glutamine to valine at that site [6]. The change of amino acid in HbS leads to a
more hydrophobic structure and allows polymerization when deoxygenated. Although SCD is
caused by a mutation in a single gene, the symptoms and severity of the disease are influenced by
multiple genes. These genes, which do not directly encode the B-globin protein but modulate

disease expression, are referred to as pleiotropic or modifier genes [5].
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Figure 1: Schematic of HbS polymerization in red blood cells (RBCs). (Created with
BioRender.com)
As mentioned earlier, the mutation in HbS allows it to undergo polymerization when

deoxygenated, due to valine binding to the nearby globin chain [6]. The polymerization of HbS



also depends on factors such as HbS concentration, oxygen level, pH, and fetal hemoglobin (HbF)
concentration. HbS polymerization is a nucleation-initiated process, meaning it requires an initial
step of nucleus formation, leading to a delay period before the polymerization begins. Once the
nuclei are formed, the polymer grows exponentially, forming rope-like fibers that distort the red
blood cell into the sickle shape (Figure I). This distortion disrupts blood flow through
microvasculature and leading to vaso-occlusive crisis, also known as sickle cell crisis, which the
most common manifestation of SCD [7]. It is caused by a complicated mechanism involving
trapping of sickle cells in microvasculature, worsened by the adhesion of erythrocytes to the
endothelium, the aggregation of leukocytes and sickled cells, and inflammation from neutrophil
transmigration. Vaso-occlusive crisis leads to severe pain in patients because blood flow is blocked,
preventing oxygen and nutrients from reaching tissues. This causes tissue damage and
inflammation, which will trigger pain. Other complications of SCD include vitamin deficiency,
delayed growth, joint problems, blood clots, acute chest syndrome, enlarged spleen, sickle
retinopathy, aplastic crisis, splenic sequestration crises, etc. [8]. Additionally, HbF is the major
form of hemoglobin during fetal development. In healthy individuals, it will gradually be replaced
by HbA, the wild-type hemoglobin, after birth. However, in individuals with SCD, it will be
replaced by HbS instead of HbA [9]. Newborns with SCD typically do not exhibit symptoms until
their HbF level decrease to the adult level, usually around by 5 to 6 months after birth, since a
higher concentration of HbF in the blood can help prevent HbS polymerization [10]. As a result,
early diagnosis is critical before symptoms emerge, enabling timely interventions that can

significantly improve clinical outcomes.



1.2 Current Treatments

The treatments of SCD are divided into two major categories: (1) disease-modifying therapies,

and (2) curative treatments.

Disease-modifying Therapies

One of the disease-modifying therapies is hydroxyurea. It works by increasing the
concentration of HbF through inhibition of ribonucleotide reductase, which resulting in the gene
expression of y-globin for HbF instead of the B-globin of HbS [9], [11]. Studies showed that
hydroxyurea treatment reduces the vaso-occlusive crisis by 44% and leads to fewer episodes of
acute chest syndrome, which is a common complication of SCD that is characterized by pulmonary

infiltrates [9], [12]. It was approved for use in adults in 1998 and for children = two years old in

2017 by the US FDA. Additionally, the BABT HUG study showed that hydroxyurea is safe in

infants [9]. Therefore, in 2014, it was recommended to offer hydroxyurea to all infants = 9 months

with HbSS or HbSB’-thalassemia even if they have not yet shown symptoms. Hydroxyurea is
typically safe and causes few permanent side effects, but myelosuppression is one adverse effect
that can have a significant impact, which is a condition where the bone marrow cannot produce
blood cells properly [13]. Therefore, close laboratory monitoring is needed after hydroxyurea
administration. Additionally, effective hydroxyurea treatment requires good adherence and
consistent use over several months for it to work [9]. Although hydroxyurea is a standard treatment
for preventing vaso-occlusive crisis, the accessibility and affordability in low- and middle- income

counties are low [14].

Another disease-modifying therapy is transfusion therapy, which involves receiving or

replacing blood [9]. The rationale behind this therapy is to decrease the concentration of HbS in



the blood. There are three kinds of transfusion therapy. First, simple transfusion involves giving
the individual blood containing HbA without removing their own blood. However, since no blood
is removed, it is important to ensure that the total hemoglobin concentration does not become too
high after transfusion, as this can lead to increased blood viscosity and induce complications like
hypertension and cerebral hemorrhage. The second type is partial manual exchange transfusion,
where a certain amount of the patient's blood is removed through phlebotomy before receiving
healthy blood. This method helps reduce the risk of blood becoming too viscous. The third one is
automated red cell exchange transfusion. This method utilizes a specialized instrument to
continuously exchange patient’s blood with healthy blood, which is the most efficient and effective
way to reduce HbS concentration among the three methods. However, having a safe blood supply
is the greatest challenge to doing blood transfusion for SCS in low resource settings.
Recommended practices for blood transfusion from WHO have not yet been fully adopted in sub-
Saharan Africa [14]. According to WHO, the average blood donation rate in high-income countries
is three times higher than in African countries. Additionally, the majority of hospitals do not have
access to equipment for automated red cell exchange transfusion and only half of the hospitals in

Nigeria are able to perform simple transfusion or partial manual exchange transfusion [14].

Administration of L-Glutamine is another disease-modifying therapy that is the first oral
medication approved for SCD by FDA. It works by increasing the level of nicotinamide adenine
dinucleotide (NAD+) to prevent oxidative damage to the red blood cells, since L-glutamine is a
precursor for NAD+ synthesis [9]. Studies showed that children with SCD have 47% lower
glutamine levels. A study showed that with the administration of L-glutamine, the number of cases
with vaso-occlusion crisis was reduced by 25%. The common side effects of L-glutamine are

generally gastrointestinal side effects like nausea, abdominal pain, or constipation. However, L-



glutamine is not approved by the European Medicines Agency since the efficacy is considered not

sufficient [14].

Curative Treatments

On the other hand, curative treatments refer to treatments that can completely cure SCD.
Currently, hematopoietic stem cell transplantation (HSCT) is the only treatment capable of curing
SCD [9]. HSCT, also known as bone marrow transplantation, involves transplanting healthy
hematopoietic stem cells to the patient [15]. These stem cells can differentiate and proliferate into
various types of blood cells, allowing the patient to produce healthy blood cells on their own using
the transplanted stem cells. With a matched sibling donor, which less than 20% individual with
SCD have, the overall survival rate has been 93%-97% and the disease-free survival rates are 82%-
100% after receiving HSCT [9]. With matched unrelated donors or haploidentical donors, the rate
of graft-versus-host disease is higher and has led to mortality. This approach is still under
investigation and is not yet considered standard treatment. Despite its ability to cure SCD, HSCT
1s not available in sub-Saharan Africa and is already limited to the small number of patients who

have a matched sibling donor [14].

In recent years, there has been a growing interest in gene therapy research. Since SCD is
caused by a point mutation in a single gene, gene therapy has been considered a highly promising
curative treatment. The first successful case of gene therapy in SCD was reported in 2017 [9].
Casgevy and Lyfgenia are the first two gene therapies for SCD approved by the FDA in 2023 [16].
Casgevy is also the first FDA approved CRISPR/Cas9 gene therapy. It works by targeting the
BCL11A gene in the hematopoietic stem and progenitor cells, leading to the increased production
of HbF [17]. On the other hand, Lyfgenia used a lentiviral vector to correct the mutation in the

stem cell, enabling the individual that received Lyfgenia to produce HbA instead of HbS [16]. After



gene modification, the stem cells are transplanted back into the patient. Since the stem cells are

autologous, there is a reduced risk of graft-versus-host disease compared to HSCT.

1.3 Current Diagnostic Methods

Key measurements for SCD diagnostics include the identification and quantification of
hemoglobin variants. These measurements help differentiate between trait and disease, assess
severity, and monitor treatment. The hemoglobin variants relevant for SCD diagnostics include
HbS, HbA, and HbC [18]. Quantifying these variants allows differentiation between trait and
disease by determining the relative amounts of HbS/HbC to HbA, which also provides insight into
disease severity. Additionally, the amount of HbA is important for distinguishing between HbSS
and HbSP* [19]. For treatment monitoring, many therapies aim to decrease HbS levels or increase
HbA or HbF levels. Therefore, quantification enables clinicians to evaluate whether these levels

have shifted toward effective therapeutic concentrations.

Traditional SCD Diagnostic Methods

SCD is diagnosed by detecting the presence of HbS. It was predicted that low-cost
screening and consequent treatments could prevent 70% of early SCD-related mortalities [20].
However, the traditional SCD diagnostic methods that were commonly used are mostly cost- or
time-intensive. One of the methods is hemoglobin electrophoresis, which is recommended by
WHO for SCD diagnosis [21]. Studies have shown that different hemoglobin variants have varied

electrophoretic mobilities under electrophoretic separation [22].

Hemoglobin electrophoresis separates hemoglobin variants based on their electrophoretic
mobilities in an electric field. There are two common ways to perform hemoglobin electrophoresis

to diagnose SCD: cellulose acetate electrophoresis at alkaline pH and citrate agar electrophoresis



at acidic pH [23]. Cellulose acetate electrophoresis at alkaline pH separated hemoglobin variants
by their difference in electrophoretic mobility. At alkaline pH, the hemoglobin will possess
negative charges and migrate toward the positive electrode differently based on their different in
charge properties. This method provides rapid separation and is easy to perform. However, it
utilizes high voltage, 250 V-300 V [24]. High concentrations of HbF reduce the overall HbS
concentration in the blood, making HbS signals more likely to be missed. Citrate agar
electrophoresis at acidic pH is good at separating HbS from HbA even in the presence of abundant
HbF utilizing the interaction of the agaropectin in the gel with Hb variants [25]. However, the
method is technically difficult. It requires stricter temperature control since the electrophoresis
runs at 4°C. Both hemoglobin electrophoresis methods produce relatively wide bands, which can
lead to the overlap of multiple hemoglobin variants. When HDbF is present at high concentrations,
it often forms a broad band that overlaps with other hemoglobin variants of interest, making

identification more difficult.

HbA HbS

Most common (normal) Hb Form Sickle Cell Hemoglobin

-GGA CTC CTC- —GGA QAL CTC-
Point Mutation
-CCT GAG GAG- -CCT (dT{ GAG-

6th codon on the

B-globin gene

IEP=6.91 IEP=7.21

Figure 2: Sickle cell hemoglobin mutation.

Another common method of SCD diagnostics is isoelectric focusing. Mutation of
hemoglobin proteins leads to change in their isoelectric points (IEP). IEP is defined as the pH value

at which the protein has no net electrical charge. In a previous study, the IEP of HbA was estimated



to be 6.91, while the IEP of HbS was estimated to be 7.21 (Figure 2) [26]. Isoelectric focusing is
a type of electrophoresis that separates the analytes based on their IEP [27]. By applying an electric
field over a medium with a pH gradient, the analytes will tend to be focused at the location with
pH corresponding to their IEP. Isoelectric focusing produces finer bands and provides higher
spatial resolution compared to hemoglobin electrophoresis. The downside of this method is that it
requires even higher voltages than hemoglobin electrophoresis--1000V or more. It is less
quantitative than high-performance liquid chromatography and requires skilled interpretation due

to the high number of bands [25].

High-performance liquid chromatography (HPLC) is another commonly used SCD
diagnostic method, especially for newborn screening [28]. When hemoglobin variants are forced
through an ionic exchange column (stationary phase) under pressure using phosphate buffers of
varying concentrations (mobile phase), they exhibit distinct retention times due to their differential
interactions with the stationary phase. The separation of hemoglobin variants based on the
retention time allows more accurate quantification of the analytes. However, the disadvantage of
HPLC is the high cost. The HPLC instrument and the analyzing software are expensive, and the
column needs to be replaced regularly since the column quality will affect HPLC performance.
The HPLC instruments are also large, heavy, complex, and delicate, which makes it hard to

perform HPLC outside of a laboratory setting.

The diagnostic methods introduced above (electrophoresis, isoelectric focusing, HPLC) all
require laboratory processing and have long turnaround times. However, in low-resource settings,
laboratories and trained personnel are often limited, and shorter turnaround time is desired to

enable timely diagnosis and treatment and to improve patient outcome[14].



There is a low-cost and fast test SCD detection method called sickle solubility test (SST),
which utilizes the difference in solubility to detect HbS. HbS is less soluble when deoxygenated
compared to other hemoglobin variants. When HbS is present, HbS precipitates and the solution
becomes opaque. The benefit of this method is that it is cheap and provides a rapid screen that
takes about 10 minutes. However, the limitation is that it can only detect the presence of HbS, so
it is unable to distinguish SCT and SCD, and it has a high rate of false positive and false negative

results [14] [29].

Point-of-care Diagnostic Method for SCD

Due to the limitations of the traditional diagnostic method for SCD in low resource setting,
several point-of-care (POC) testing methods have been developed, such as the Gazelle Hb Variant
test, HemoTypeSC, and SickleSCAN; these are three currently-commercial-available POC tests

for SCD [14] [30].

The Gazelle Hb Variant test is the commercial version of a POC test optimized from
HemeChip, which was originally developed in 2013 by the Gurkan group [31]. It is a POC micro-
chip test that separates hemoglobin variants based on their differences in electrophoretic mobility,
which depends on their mass-to-charge ratio, similar to conventional hemoglobin electrophoresis
[32]. The device uses single-use disposable cartridges that contain cellulose acetate paper, where
the separation of hemoglobin occurs, and stainless-steel electrodes. The other main component is
a portable, automated reader with rechargeable power source that supplies power for
electrophoresis, performs real time imaging of hemoglobin separation, and analyzes the peak
positions for relative quantitative interpretation [33]. The procedure involves first obtaining a
whole blood sample with finger prick [31]. The sample is then diluted and lysed before being

loaded onto the microchip. After that, the microchip is inserted into the reader. It then starts

10



performing electrophoresis by applying an electric field across the cartridge, capturing real-time
images, and analyzing results. The procedure takes approximately 10 minutes. With the
multispectral reading technique, Gazelle Hb Variant can distinguish HbA, HbF, HbS, and HbC.
However, it is not able to differentiate between HbC, HbE, and HbA2, since these variants migrate
to a similar location during electrophoresis. HbE is a hemoglobin variant caused by point mutation
in the beta-globin gene [34]. Individuals with HbE trait typically have no symptoms or only mild
anemia, and it is not considered a form of SCD. HbA?2 is a normal hemoglobin variant composed
of two alpha and two delta globin chains, whereas HbA contain two alpha and two beta globin [35].
The inability to distinguish HbC, HbE, and HbA2 may lead to false-positive results and
misinterpretation during screening. The Gazelle Hb Variant test received regulatory approval from
nine countries in 2021 and is currently available in those countries, primarily in Africa [31].
Although it offers high accuracy and quantitative analysis as a POC device, one of its greatest
limitations is the high manufacturing cost. While the estimated cost per test is around $2 to $2.5
USD, the instrument itself is priced between $1,200 to $1,500 USD [32]. Although this is
significantly lower in both cost and turnaround time compared to conventional hemoglobin
electrophoresis and HPLC, it is still considered expensive and limits widespread use in low-

resource settings.

HemoTypeSC is another POC test for detecting hemoglobin variants. HemotypeSC is a
lateral flow test that uses monoclonal antibodies to capture specific hemoglobin variants. The test
strip contains four lines, each with immobilized antibodies specific to different hemoglobin
variants: (1) a control line that captures all hemoglobin types, (2) a line for HbA, (3) a line for
HbS, and (4) a line for HbC [18]. Between 1uL to 15uL of whole blood is diluted in 1mL of water

to lyse the red blood cells, and the HemoTypeSC strip is dipped into the solution. As the sample

11



flows through the strip, hemoglobin and gold nanoparticles compete to bind to the antibodies
immobilized on the strip. If the target hemoglobin is present, it binds to the antibody first, blocking
the gold nanoparticle, and the line will not appear. If the hemoglobin variant is absent, the gold
nanoparticle binds to the antibody, producing a visible red line. The entire process takes about 20
minutes and is readable by eye, requiring no instrument or power. Studies show that HemoTypeSC
reaches 99.1% accuracy, with a sensitivity of 93.1% and specificity of 99.9% for HbSS [36]. It
was estimated that the cost of material per strip is less than $0.25 USD, and the strips remain stable
at 40°C for over 2 years [18]. This method can only detect hemoglobin variants for which a specific
capture antibody has been immobilized on the test strip. This targeted approach enhances
specificity to detect Hb variants that are relevant to SCD. As a result, the test is not affected by
high concentrations of HbF, which commonly interfere with other detection methods. The study
also showed less than 0.1% of cross-reactivity between antibodies and the non-target variants.
However, it does not provide quantitative results, which is important for distinguishing HbSp"-
thalassemia from sickle cell trait [18]. Additionally, the result interpretation is counterintuitive.
Unlike most tests where visible line indicates a positive result, HemoTypeSC shows positive result
with the absence of line. Therefore, if the person is not properly trained, there is a risk of

misinterpreting the results.

SickleSCAN is also a lateral flow assay designed to detect hemoglobin variants. Unlike
HemoTypeSC, which is a competitive lateral flow assay, SickleSCAN uses a sandwich lateral flow
assay. The test strip also contains four lines: a control, and lines for HbS, HbC, and HbA [19].
Using a capillary sampler, SuL. of whole blood is obtained via finger prick, mixed with a
hemoglobin solubility buffer, and then applied to the sample port on the strip. As the solution flows,

the respective hemoglobin variants bind to their corresponding lines. To visualize the result, a

12



colorimetric method is used: blue nanoparticle-conjugated antibodies that can bind to all types of
hemoglobin via the a-globin chain are used. A positive result appears as a blue line on the strip,
which aligns with standard (intuitive) test interpretation. The entire procedure, from sample
collection to result interpretation, takes less than 10 minutes, while the lateral flow strip itself
produces visible results within approximately 2 minutes after sample application. The sensitivity
and specificity for detecting HbSS, HbAS, HbSC, HbAC, and HbAA are all reported to be above
99%. The limit of detection (LoD) differs among hemoglobin variants: 40% for HbA, 1% for HbS,
and 2% for HbC, measured as a percentage of total hemoglobin. This is an intentional design
feature so that HbSP* can still be recognized as SCD by the showing the HbS line, though the test
cannot distinguish between HbSS and HbSB* due to the lack of quantification ability since the
intensity of the line does not reflect the hemoglobin concentration. The low LoD for HbS is
clinically sufficient, as individuals with SCD typically exhibit HbS levels well above 1%. The
study also reported that the result is not affected by up to 30% HbF, which is common in individuals
treated with hydroxyurea. However, since infants may have up to 90% of HbF levels, further
validation in newborn clinical setting is recommended [32]. The cost of SickleScan is higher than

that of HemoTypeSC, but is still estimated to be lower than $5 USD [30].

1.4 Clinical Gap and Project Motivation

Over 80% of newborns with SCD are born in sub-Saharan Africa [14]. However, the
mortality rate of SCD in sub-Saharan Africa is much higher than that in high-income settings.
Studies have shown that the under-five mortality rate of SCD is high in low- and middle- income
counties. For example, in sub-Saharan Africa, the under-five mortality rate of SCD is about 50%,
whereas in the high-income settings, 94% of individuals with SCD survive into adulthood. This

disparity is largely due to the low accessibility to diagnostics methods and treatments. With early
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diagnosis, newborns can begin penicillin or hydroxyurea treatment to reduce the risk of infection
from pneumococcal sepsis or the development of sickle cell crisis [14], [37]. The mortality from
pneumococcal sepsis has been found in children with SCD to be 20%. Studies show that early
penicillin is associated with 84% reduction in infection. Moreover, pregnancy termination remains
inaccessible or restricted for many women. Therefore, accessible diagnostic tools that allow
parents to determine whether they are HbS carriers can support informed reproductive decisions
and help reduce the burden of SCD. Although POC test had been developed to detect SCD
hemoglobin variants, current options have limitations. Quantitative tests are more expensive, while
the lateral flow assays are cheap but only provide qualitative results. However, quantitative results
are important for monitoring disease severity, differentiating between traits and disease, tracking
treatment response, etc. This thesis aims to address these limitations by developing a simplified,
low-cost POC device designed for decentralized screening of SCD in low resource settings. The
device focuses on miniaturizing continuous-flow paper electrophoresis (paper CFE), offering the

potential for greater accessibility and field usability.
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CH2 Technical Background-Continuous Flow Paper Electrophoresis

2.1 Continuous Flow Paper Electrophoresis

Continuous flow electrophoresis (CFE) is a field separation technique that has been applied
to fractionate various samples based on differences in charge and electrophoretic mobility. It works
by separating charged biomolecules or particles as they flow through a chamber under an applied
electric field (Figure 3). CFE allows continuous sample input and real-time separation. This
enables processing large sample volumes while maintaining biological activity, achieving high
sample recovery, and supporting real-time collection of multiple separated components. Various
electrophoretic modes have been established, with different separation principles and device
design [38]. For example, zone electrophoresis (ZE) separates based on the charge-to-mass ratio,
isoelectric focusing (IEF) separates amphoteric molecules by their IEP, isotachophoresis (ITP)
utilizes leading and trailing electrolytes to form focused analyte zones based on their relative
electrophoretic mobility, and field step electrophoresis (FSE) utilizes differences in buffer
conductivity to create regions of varying electric field strength and separate analytes faster at the
center zone [39]. In terms of device design, common formats include rectangular bed, trapezoidal
bed, void channel devices, and chip-based miniaturized devices [38]. CFE has been applied to the
separation and fractionation of samples containing proteins, peptides, DNA, organelles,

extracellular vesicles, and other biomolecules.

Paper CFE is a type of CFE that uses a paper substrate as the separation medium. The use
of paper offers advantages such as low cost, ease of fabrication, and suitability for low-resource
settings. In paper CFE, the sample is introduced into a continuous flow of buffer through the paper

medium. Electrodes are places across the paper to generate an electric field perpendicular to the
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direction of the fluid flow. As a result, charged analytes are deflected toward either the positive or

negative electrode, allowing spatial separation based on their electrophoretic mobility.

Sample

Running Buffer Running Buffer

Positive Electrode

Negative Electrode

Figure 3: Schematic illustration of continuous-flow electrophoresis (CFE).

2.2 Development of Continuous Flow Paper Electrophoresis

The development of paper CFE traces back to the early 19th century. The peak of interest
among researchers in studying paper CFE was during the 1950s. The two-dimensional paper-based
electrophoresis served as an enhancement strategy to improve the resolution for separating
analytes compared to one-dimensional partition chromatography. The concept of paper CFE was
first introduced and attempted by J. ST. L. Philpo in 1940 [40]. In 1949, Svensson and Brattsen
established an integrated paper CFE apparatus as continuous electrophoretic separation in flowing
liquid utilizing gravity as the driving force [41]. The apparatus they established contained a buffer
reservoir and multiple collection tubes at different heights. A filter paper was connected to the

buffer reservoir and hung down to the collection tubes, allowing the fluid to flow from the reservoir
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to the collection tubes under the influence of gravity. The electric field was exerted across the filter
paper with the direction orthogonal to gravity by electrodes applied onto the filter paper. This led
to the deflection of charged particles toward either electrode as they migrated down the filter paper.
The bottom of the filter paper was designed as a jagged shape so the separated sample at different
locations could drip down from different tips to the collection tubes to achieve sample recovery.
Various analytes have been applied to this system, such as human salivary secretions, plasma,
amino acid and protein mixtures, etc. [42] [43] [44]. It has been a useful tool to learn the chemical
characteristics of analytes, fractionate complex biological fluids, and characterize pathological
conditions, etc. And it was regarded as an efficient method for isolating and purifying single
species from a complex matrix. Numerous researchers have explored various refinements to the
techniques, including enhancements to the electrode system, optimization of cooling methods, and
improvements in sample loading methodologies [42] [45]. The strengths of CFE include its ability
to accommodate varying sample volumes and simultaneously collect or analyze multiple separated
analytes. Traditional paper CFE systems employed filter papers exceeding or approximately 60
cm*60 cm in size and utilized voltages from 600V to 1000V. Moreover, the operation times
extended for hours. These elements made it suitable for laboratory setups with more resources and
stationary space for the apparatus. However, there exists an opportunity for improvement through
miniaturization. By downsizing paper CFE systems to portable scales and reducing the power
needed while preserving their capability in species separation within complex matrices, the
potential arises for their integration as useful analytical or preparative tools in simpler laboratory

setup or POC applications in lower resource settings.

In recent years, many studies on paper CFE have been conducted by the Slais group. They

utilized the principles of paper CFE and optimized the paper geometry, investigated the buffer
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system configurations, and eventually developed a platform called divergent flow isoelectric
focusing (DF-IEF) [46]. In traditional rectangular separation beds, a higher voltage drop is required
to maintain separation resolution due to the trade-oft between bed width and electric field strength.
To address this limitation, the Slais group introduced DF-IEF, which employs a trapezoidal
separation bed, where fluid flows from a narrower inlet toward a wider outlet. This design allows
analytes to be quickly separated under stronger field at the inlet, since with a fixed voltage drop,

field strength decreases with distance.
. %4
- d

E = Electric Field Strength; V = Potential Difference; d = Distance

As the fluid flows toward the wider outlet, the distance between the separated peaks increases
proportionally with the expanding bed width due to the divergent flow. This geometry enables
lower power needed while achieving comparable separation to that of a rectangular separation bed.
They demonstrated successful separation of complex protein mixtures such as barley grain, malt,
and beer, as a purification step before mass spectrometry analysis [47]. They also investigated
buffer system compositions to eliminate the need for expensive carrier ampholytes, which are
typically used to establish pH gradient for IEF [48]. The system operated at 700 V-800 V across a
separation bed approximately 8 cm (outlet) by 15c¢cm (bed length) in size, with an 8 cm height
difference at the outlet. The total running time was approximately 30-40 minutes. This platform
improved separation performance and reduced the size of paper CFE compared to the traditional
CFE. However, the setup is still not suitable for POC application due to the high voltage
requirement and the need for a height difference to drive the fluid flow by gravity and tubing in

the inlet.
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In terms of miniaturization, researchers have implemented CFE into micro scaled chip-
based devices [38]. However, this thesis focuses on paper-based CFE, as we aim to avoid the need
for precise pumps and tubing, which could reduce the accessibility of the device. Additionally,
under high-voltage, bubble formation becomes an issue in micro scale separation channels due to

electrolysis, which disturbs the system [49].

2.3 Project Overview

Hypothesis

Capillary-driven flow combined with optimized buffer composition can enable effective
separation of proteins (HbA and HbS) on a miniaturized continuous flow paper CFE platform

without the need for high voltage.
Rationale

This project used two strategies: capillary driven flow for miniaturization, and buffer

design of electrophoresis for protein separation.

e Miniaturization strategy: Capillary Driven Flow

The traditional paper CFE relies on gravity as the driving force of fluid, requiring vertical
paper orientation and a height difference between the buffer reservoir and collection tube.
This limits its potential for downsizing. This thesis proposes a miniaturizing strategy by
shifting the gravity-driven system to a capillary-driven system, achieved through
manipulation of paper materials with varying pore sizes and geometry and the
incorporation of an absorbent pad at the flow endpoint. These modifications provide
control over flow direction and rate, enhancing the potential for scaling down and the

adaptability of the device.
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e Separation strategy: Buffer System for Electrophoresis

Proteins carry different net charges depending on the pH of the environment relative to
their isoelectric point. By adjusting pH and applying an electric field, proteins with
different isoelectric points can be directed in different paths and separated across the

separation bed.

Goal

The goal of this project is to design and test a low cost, paper-based, continuous flow
electrophoresis platform that can separate proteins based on their isoelectric points, with a focus

on detecting and separating hemoglobin variants (HbA and HbS).

Project Overview

This project involves designing a paper CFE platform, selecting appropriate materials,
optimizing buffer and pH conditions, and testing the platform using colored dyes, colored proteins
and hemoglobin samples. The process includes building the physical device, identifying conditions
that allow clear separation, and analyzing how different factors such as pH stability, salt
concentration, and paper surface properties affect performance. The final goal is to miniaturize the
technique of paper CFE and evaluate whether this system can be developed into a practical
diagnostic tool and what improvements are needed to make it reliable for real-world use. If
successful, this platform could serve as proof of feasibility in developing a diagnostic tool for SCD

in low resource setting with miniaturized paper CFE.
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CH3 Platform Prototype Development

3.1 Capillary Driven Flow

Capillary pressure is a physical phenomenon that arises at the liquid-air interface and
creates negative pressure [50]. It depends on surface tension, channel size, and the contact angle
of the liquid as described in Young-Laplace equation [51]. In porous media like paper, it can be
used to drive flow without external pumps. Materials with larger pore sizes exhibit a lower
magnitude (less negative) capillary pressure, whereas smaller pores generate higher magnitude
(more negative) capillary pressure. A larger capillary pressure corresponds to a stronger driving
force for fluid uptake and a greater tendency to retain the absorbed fluid. Consequently, fluid tends
to migrate from regions of lower magnitude capillary pressure (larger pores) to higher magnitude
capillary pressure (smaller pores). At the microscale, capillary forces can exceed gravitational
forces, allowing control of fluid flow direction regardless of gravity. In this project, we utilize
capillary pressure to direct flow for CFE instead of utilizing gravity by implementing a pore size
gradient from large to small and selecting appropriate materials. This approach enables control
over both flow direction and rate, supporting the development of portable, pump-free POC

diagnostic systems.

3.2 Paper material selection

The paper material used for the separation bed is important because it must serve as a
suitable medium for separation without interfering with the analytes, while also supporting the
desired paper geometry. The key properties include high thermal tolerance, desired flow rate,
minimal dispersion, and low protein adhesion. To select a suitable paper material, a flow test was

conducted using bovine hemoglobin (bovine Hb) on 6-cm-long strips made from different types
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of paper. Bovine Hb was chosen because the target analyte in the system is human Hb, and bovine
Hb serves as a good model while avoiding the need for a BSL-2 setup at this stage. The running
buffer used here is 1x TBE (pH 8.4), which is the buffer that HemeChip used in their
electrophoresis for sickle cell hemoglobin. The flow patterns of bovine Hb were recorded and
observed over time for comparison. (Note: In this thesis, the material used for separation bed was

also refer to as “testing paper”).

Filter Paper 5 Filter Paper 3 Grade 691 Grade 693  Glass Fiber CF2 MF1 FUSIONS  Cellulose Acetate
2.5 pm 6 um GF/F 0.8 pm 3.0 um

Figure 4: 0.1x Bovine Hb (15 g/L) flow pattern on different paper materials. The figure shows the
images captured at three time points (0:00, 2:00, and 7:00 minutes) within the 20-minute video.
Five papers were tested and recorded at a time, which is shown in the figure as (a) and (b). Sample
was loaded on each paper with a 10 second interval from left to right. The 0:00 started counting

as the last sample was loaded on the right-most paper in each video (GF/F and Cellulose Acetate

3.0 um).
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The flow pattern of bovine Hb on ten different paper materials are shown in Figure 4. The
desired performance is to have a consistent and clean flow track on the paper. As a starting point
for developing a rapid test, the desired time for bovine Hb to flow across the distance of 6 cm is
within 20 minutes. Observed by eye, the migration of bovine Hb with the fluid flow toward the
absorbent pad was minimal within 20 minutes on filter paper 3, filter paper 5, and CF2. On GF/F,
bovine Hb disperses to the sides of the paper more compared to others, leading to a wider flow
track. The width of the flow tracks of bovine Hb on the remaining papers were about the same by
eye. Cellulose acetate, which is used in the HemeChip for 1D electrophoresis, was also tested [33].
However, it became wrinkled after the running buffer passed through, which is not ideal for
constructing complex paper geometry. Comparing Grade 691, Grade 693, MF1, and FUSIONS,
bovine Hb flowed most consistently on Grade 691. As bovine Hb flowed through Grade 691, the
change in dot shape and the tailing were the least. The material with the most consistent and
cleanest flow pattern was chosen as the testing paper for further experiments. Therefore, Grade

691 was chosen as the testing paper for further experiments.

However, in later experiments, it was found that the pH of the running buffer affects the
affinity of Grade 691 for proteins. Therefore, it may not be an ideal material choice. This will be

discussed further in Chapter 3.6.

Diffusion vs Paper Material (Dispersion & Volume-Holding Capacity)

The horizontal spreading on the paper may result from both diffusion and dispersion. An
estimation of the diffusion component was made using the mean squared displacement equation

from random walk theory [52].

x? = 2dDt
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where x is the displacement of the particles, d is the dimensionality, D is the diffusion coefficient,
and t is the time. The diffusion coefficient was estimated using a reported value of 67x10® cm?/sec,
which corresponds to a hemoglobin concentration of 20 g/L at 20-22 degrees C [53]. The flow test
was conducted using 15g/L of hemoglobin concentration, which is close to the 20 g/L used in the

diffusion coefficient reference.

Grade 691

J

When the sample were just loaded (~3sec).

After ~7 minutes of flow.

Figure5: 0.1x Bovine Hb (15g/L) flow pattern on different paper materials (a zoomed in and
annotated view of Figure4).

Assuming a simplified 1D model, the estimated spread of bovine Hb in the x-axis direction
caused by diffusion over 3 seconds is approximately 0.02 mm. (The x-axis is defined as the
direction perpendicular to the flow, while y-axis is defined as the direction of the flow). In contrast,
the initial spreading observed in Figure 5, across different materials when first dropped onto the
paper, occurs on the scale of ~1 mm. This suggests that dispersion and volume holding capacity
due to paper material plays a much bigger role in horizontal spreading. Additionally, for Grade
691, the spread in x-axis after 7 minutes of flow through the paper was measured. The estimated
diffusion contribution over this time is approximately 0.24 mm. Experimentally, the spot width
increased by about 0.1 mm, which is in the same order of magnitude as the calculated value.

However, due to the presence of vertical flow, the actual horizontal spread may have been slightly
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reduced. Although this is only a rough estimation, it indicates that material properties dominate
the initial spreading behavior in this system, while diffusion may become more relevant over
longer timescales. Therefore, selecting paper with minimal dispersion and larger volume-holding

capacity in smaller area is critical to minimize the initial spreading.

Method: Paper Materials

Whatman filter paper 3 (6 pm pore size; CAT No. 1003-090), Whatman filter paper 5 (2.5
um pore size; CAT No. 1005-090), Whatman FUSIONS (CAT No. 8151-9915), Whatman CF2
(CAT No. 8112-2250), ADVANTEC cellulose acetate (0.8 um pore size and 3.0um pore size;
CO080A090C and C300A090C), VWR Glass Microfiber Filter 693 (Grade 693; North American
CAT No. 28297-510), VWR Glass Microfiber Filter 691(Grade 691; North American CAT No.
28297-289), and Whatman GF/F Glass Microfiber Filters (CAT No. 1825-090) were the testing
paper material options that we selected from. The absorbent pad used was SureWick CO083
Cellulose Fiber Sample Pad Sheets. The sample pad and buffer pad were scissors-cut 2 cm by 2
cm square Millipore Glass Fiber Diagnostic Pad (EMD; GFDX203000). Flow testing was
performed on different papers to observe the flow movement of samples on each material. Each
paper was scissors-cut into a 2 cm *7.5 cm rectangle. The end of the testing paper was 0.5 cm
overlapped with the absorbent pad (scissor-cut into 2 cm *6 cm). The two components of the paper
setup were held on a backing card (DCN Backing Card - 0.010” thick; scissor-cut into 2*8 cm).
The head of the testing paper was submerged in the free fluid running buffer, 1x TBE (pH 8.3),
that was contained in a petri dish. 1:10 diluted bovine Hb was loaded by pipetting 2 puL on each
testing paper. Five testing papers were tested at the same time, with a 10 second interval between
loading samples on each paper from left to right. The flow pattern was recorded by a phone camera.

The dimensions were measured with Imagel.
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3.3 Continuously Loading Samples

Sample Wick

A sample wick was considered as the strategy to continuously load samples onto the testing
paper. The sample wick is designed to be a thin triangle that acts as a bridge between the sample
source and testing paper. Two desired properties were taken into account when deciding on the
material and the shape of the wick. The first property is the direction of flow. The wick should be
able to transfer the sample in the direction toward the testing paper, ultimately loading the sample
onto it. The second property is the speed of loading samples. Slower sample loading is preferred
since it results in thinner sample track on the testing paper. Both properties are controlled by the
difference in capillary pressure between sample source, sample wick, and testing paper. The flow
in the sample source to testing paper direction should be large enough to compete out the flow of
the buffer from testing paper to the wick. Therefore, the larger flow rate is preferred in controlling
the direction of flow. However, in terms of loading samples, faster flow rate will lead to broader
sample track on testing paper. Therefore, a balance between the two properties were to be found

when choosing the material and shape.

The sample wick could be modeled as fluid flowing through a porous medium by Darcy’s

Law:

where q is the flux, k is the permeability of the porous medium, AP is the pressure difference

between the two ends, p is the fluid viscosity, and L is the length of the flow path [54].
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The volumetric flow rate is the flux time the cross-sectional area (A):

And the permeability (k) is related to the pore size by the equation [55]:
k = cor?
where c is geometric factor of the material, ¢ is the porosity, and r is the pore radius.

Here, we are not trying to determine the actual values of these parameters but instead are
using their relationships to guide the design of the paper setup. From these equations, we know
that the flow rate is proportional to the permeability of the material. It is also proportional to the
cross-sectional area, which is affected by the thickness and width of the paper, and it is inversely
proportional to the length of the material. The system is simplified by assuming the capillary
pressures at both ends remains the same since the one end of the sample wick is connected to free
fluid (sample source), and the other end is connected to the testing paper with the running buffer.
The pore size of the material is modeled in the equation of permeability, with larger pore size
having larger permeability. The length of the sample wick is modeled as the length L. Therefore,
two strategies of controlling the flow rate were developed and tested. The first strategy is to vary
the pore size by trying various paper materials as the wick. The second strategy is to control the
wick length (triangle height) and use the same paper material as the testing paper. Bromophenol
blue (BPB) was chosen to learn the sample loading performance since it is blue dye that can be

easily visualized.
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N ‘ Sample Wick
Sample Container / Absorbent Pad

| \

Running Buffer Container Testing Paper (Grade 691)

Flow Direction

Figure 6: Schematic of the setup for the flow test with sample wick.

GF/F Grade 691 CF2 CF3

Figure 7: Different sample wick materials continuously loading BPB on the Grade 691 testing
paper.

For the first strategy, among the wick materials tested, CF2 wick gave the thinnest track on
Grade 691 testing paper as shown in Figure 7. However, given the complexity associated with
incorporating additional material types into the system, adjusting the length and width of the paper
material was regarded more feasible than changing the material itself. Thus, Grade 691 wick with
a length of 4.5 cm was implemented, and the outcome of sample loading using this wick was

satisfactory for subsequent experiments.
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Sample Pad and Buffer Pad

Additionally, drawing fluid from another paper material rather than from free liquid source
results in different loading rates. A sample pad was added to help hold the wick in place by
sandwiching it between two loose glass fiber layers. Millipore Glass Fiber Diagnostic Pad material
was chosen so that the fluid starts in a region with larger pore size and can flow into the testing
paper, which has smaller pores. The addition of this pad increases the resistance for fluid to being
drawn through the wick and loaded onto the testing paper. When only the sample pad was used
and the running buffer was still drawn from free fluid, the testing paper tended to pull fluid
primarily from the buffer side, since it was much easier (lower resistance) to draw fluid from the
free liquid than from the sample pad. As a result, no sample was loaded onto the testing paper
(Figure 8, left). When both a sample pad and a buffer pad were used, the sample was successfully
loaded onto the testing paper (Figure 8, right). These results suggest that balancing the fluidic
resistance between the sample source and buffer source is important for proper loading. These pads

are also useful in the final device design to hold fluids in place and reduce leakage.

Sample Pad Sample Pad & Buffer Pad

Adding

29



Figure 8: Images captured from experiments testing the use of sample and buffer pads.

Method: Continuously L.oad Sample and Sample/Buffer Pad

First, Whatman CF2, Whatman CF3, VWR Glass Microfiber Filter 691 (Grade 691), and
Whatman GF/F were scissor-cut into a 0.2 cm *2 cm thin triangle shape. The testing paper Grade
691 was set up in the same way as in the Testing Paper Material Selection section. The sample
source used here was free fluid of BPB, contained in another petri dish. The 0.2 cm side of the
sample wick was submerged into the sample source and the vertex was contacted with the testing
paper. Second, Grade 691 was scissor-cut into a thin triangle with the base of 0.3 cm and varied in
height, which is the length of the wick. The sample wick was set up in the same way. The flow
pattern was recorded by a phone camera. For the sample pad and buffer pad, Millipore Glass Fiber
Diagnostic Pad (EMD; GFDX203000) was cut into pieces of square. Two pieces of them were

used to sandwich either sample wick or the buffer inlet of the testing paper.

3.4 Buffer Inlet Paper Geometry for Discontinuous Buffer System

To explore the implementation of buffers with varying pH levels at the inlet to establish a
pH gradient for the discontinuous buffer system, an experimental study utilizing red and blue dyes
was conducted to observe and simulate the flow dynamics. As shown in Figures 9-a and 9-b, blue
and red dyes exhibited limited mixing at the interface, resulting in a narrow overlap of colors. On
the other hand, Figure 9-c, employing an alternative inlet configuration by sandwiching the testing
paper, demonstrated a broader and more extensive mixing of colors. This observation offers a
strategic insight into different approaches for manipulating the buffer system in subsequent

experiments.
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Cross-sectional View of the Buffer Inlet Setup in (c)

Buffer 1 (Blue) Buffer 2 (Red)
Sandwiched by buffer

pad in buffer gontainer.
Sandwiched by buffer pad

in buffer container.

The two rectangular pieces of testing paper
sandwiching the neck of the separation bed.

(d)

Figure 9: Different methods of creating a pH gradient by adjusting buffer inlets. (Red: red food

dye (RFD); Blue: BPB).

Method: Buffer Inlet Paper Geometry

Grade 691 was scissors-cut into the geometries shown in Figure 9. The constant area of the
testing paper begins with a 1 cm-long and 1 cm-wide neck, followed by a trapezoidal section with
a 1 cm upper base, a 3.5 cm lower base, and a height of 4 cm. The lower 0.5 cm of this trapezoid
overlaps with an absorbent pad with the dimension of 3.5 cm*6 cm. The variable area was the inlet.
In Figure 9-a, the inlet consisted of two symmetrical branches fanning outward from the center of
the neck, forming a V-shape. In Figure 9-b, there were three branches. The ends of the branches

were immersed in the buffer container and sandwiched between two pieces of the Millipore Glass
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Fiber Diagnostic Pad. In Figure 9-c and 9-d, the inlet was composed of two separate pieces of
Grade 691, each measuring 0.5 cm*2 cm. One end of each rectangular piece was immersed in the
buffer container and sandwiched by Millipore Glass Fiber Diagnostic Pad, while the other end
overlapped either on top of or below the neck, forming another sandwich structure with the neck
in the middle. To ensure consistent contact between the three pieces of paper, a transparent Petri
dish was placed on top for compression. These paper geometries were assembled on the backing
card. Red food dye (RFD) and BPB were applied to the buffer container to start the flow. The flow

pattern was recorded by a phone camera.

3.5 Platform Prototype

Combining the results above, an integrated paper setup was developed with components
including sample pad, sample wick, buffer pad, separation bed, electrodes, and absorbent pad
(Figure 10). The flow direction is controlled by establishing a gradient from large pore size

material to small pore size material, utilizing differences in capillary pressure to drive the flow.

N Sample Pad Large Pore Size
7x — Sample Wick
1ty
Buffer Pad
Flow
: == Separation Bed Direction
“Electrodes

<+ Absorbent Pad

Small Pore Size

Figure 10: Schematic of the integrated paper setup.
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The sample pad and buffer pad are separate inlets connected to the testing paper. The buffer
pad is the source of running buffer and is in direct contact with the separation bed by the buffer
inlet section, circled in Figure 11-d. The sample pad is connected to the testing paper with a sample
wick to control the speed of loading the sample. The sample pad and buffer pad are composed of
two layers of loose glass fiber that sandwich the separation bed buffer inlet or the sample wick

between the two layers. This meant to ensure contact between them.

Two main versions of paper setup were developed, mainly changing how the separation
bed is connected to the electrodes. In the first setup (Setup 1), the electrodes are directly clipped
on the testing paper at the wings on the sides (Figure 11-a). The wings were designed to avoid
electrodes interfering with fluid flow. In the second setup (Setup 2), electrodes were clipped on
the platinum wire that is submerged in the buffer (Figure 12-c). At both sides of the Setup 2 testing
paper, there is a curtain connecting the testing paper and electrodes by submerging one side into
the buffer tank with buffer (Figure 11-b). Setup 2 was connected to the electrodes by having a
paper curtain that had one side submerged in a buffer tank with electrodes and one side contact
with the side of testing paper. This avoids the direct contact of the paper and electrodes, reducing

the heating issue. Both setups allow exerting an electrical field orthogonal to the flow direction.

Three main portions of the testing paper were varied during the design iteration, which are
the location of electrodes, neck (N5, N10), buffer inlet (I, II, III), and the separation bed length
(Figure 11). Buffer inlet (I, II, III) was designed to accommodate different buffer systems. The
separation bed was designed to be a trapezoidal shape due to the improvement shown in DF-IEF.
The last portion of the paper setup is the absorbent pad, which absorbs the fluid and allows the

fluid to flow in the direction from sample source to absorbent pad.
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Figure 11: Dimensions of multiple versions of the paper setup. (Not all dimensions are shown,

further iterations exist, but all remain within a similar scale.)

Two main iterations of cassette were developed for accommodating paper Setup 1 and
Setup 2, respectively (Figure 12- a). The cassette was designed to hold the testing paper. The
rotatable pressure bar was implemented to facilitate uniform contact between testing paper and
absorbent pad and secure the paper setup in place. In Cassette 1, the trapezoidal platform was
extruded from the surroundings to allocate space for electrode clips. This serves to mitigate any
potential paper distortion caused by the clips, thus maintaining the flatness of the paper setup. In
Cassette 2 (tank cassette), buffer tanks were situated on both sides of the trapezoidal platform. The
curtain can hang down along the wall and remain partially submerged in the buffer in the tank.
Platinum wires were coiled in the buffer tanks, extending outward from the tank to a small column
onto which electrodes can be clipped on (Figure 12 -c). The cassette and buffer container were
designed to accommodate setup for various buffer combinations. The rail on the cassette and the
corresponding groove under the buffer container allow flexible placement of buffer containers.
The square portion of the sample loading tray is designated to hold the sample pad, while the
narrow triangular portion is reserved for holding sample wick. At the tip of the sample loading tray,
the small guiding wall served to position the tips of the sample wick, thereby ensuring more

consistent contact with the testing paper and uniform sample loading between trials.
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Platform: Testing Paper Connect to Electrodes Sample Loading Tray
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Figure 12: Schematics and pictures of the paper CFE platform cassette. (a) Schematic of 3D model
cassettes (b) Photo of printed Cassette 1. (c) Photo of platinum wire coiled in the buffer tank in
Cassette 2 (tank cassette). (d) Photo of the paper setup on the cassette with different ways of

electrode connection.

One important issue to be aware of is fluid channeling between the backing card and the
cassette platform. This undesired flow creates a low-resistance pathway when voltage is applied,
causing current to preferentially flow through that path rather than the separation bed. As a result,
this can lead to a sudden increase in unstable current, which may pose safety risks and disturb the
separation performance. There are two locations on the platform where channeling tends to occur,

both of which were addressed by optimizing the integration between the cassette and paper setup.
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First, at the buffer inlet where it is submerged into the buffer container, the buffer tends to wick
underneath the backing card at the contact point. To prevent this, it is important to ensure that the
backing card is not placed too close to the fluid surface. Additionally, positioning the buffer pad to
hold the buffer in place helps prevent leakage under the backing card. The second location is in
the tank cassette, where fluid can flow along the curtain and wick underneath the backing card
through the gap between the curtain and the tank wall. To address this, designing the tank wall
with a concave shape increases the distance between the curtain and the wall, helping to reduce

unwanted flow along that gap.

Method: Paper Setup

Two types of integrated paper setup were designed for different ways to apply electrodes.
Paper fabrication was performed by scissor-cutting or laser-cutting. The testing paper geometry at
the running buffer inlet was varied to accommodate different buffer systems. The dimension of
paper geometry was shown in Figure 11. Note: the dimensions presented in the figure do not
represent all versions used in this thesis. Various iterations with different dimensions were tested
throughout the project, though the overall scale remains similar to what is shown here. For details

on other paper geometries, please refer to Appendix 1.

Setups 1 and 2 were combined with different geometry at neck and buffer inlet. For Setup
1, two pairs of electrodes were clipped on the wings on the side. Setup 2 was connected to the
electrodes by having a paper curtain that had one side submerged in a buffer tank with electrodes
and one side contact with the side of testing paper. The material used for the curtain was Whatman
FF80HP Membranes (CAT No. 10547003). The absorption pads were cut into rectangles of 4 cm*6
cm and 3.5 cm*6 cm. Testing paper and absorption pad were contacted with 0.5 cm overlap. The

upper half of the backing card was cut to the shape same as the testing paper but without the buffer
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inlet portion, and the bottom portion was kept to support the contact between testing paper and the
absorption pad. Testing paper and absorption pad were adhered onto the backing card. The

electrodes were made with platinum wire obtained from a broken gel electrophoresis cassette.

Method: Cassette 3D model

The cassette to hold the paper setup was designed and 3D modeled by Autodesk® Fusion.
The model was printed by stereolithography (SLA) 3D printing on Anycubic Photon Mono X. Eco
UV Resin White was obtained from Shenzhen Anycubic Technology. The values within the
recommended exposure setting from Anycubic were used, other values were set as default. After
3D printing, resin prints were washed with 100% isopropanol. The curing was done on Anycubic

Wash&Cure Plus for 10 minutes.

3.6 Investigating Protein Retention on Grade 691: pH and Blocking Effects

In the later experiments described in Chapter 4, it was found that protein adhesion to Grade
691 occurred when the salt concentration was lowered. However, high salt concentrations are also
not desired since it will disturb the pH gradient stability and compress the separation. (For details,
please see Chapter 4.4). Also, it was observed that the adhesion of protein to paper seems to be
different under different pH conditions. To troubleshoot this issue and better understand the
underlying cause, a simple flow test was conducted using mCherry and HbA at different pH
conditions (Figure 13-a). This allowed for observation of protein flow compared to dye flow under

varying pH conditions in the absence of an electric field.
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Flow Test of Proteins on Grade 691 at Different pH
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Figure 13: (a)Schematic of the simple flow test method. "Created with BioRender.com”. (b) Images

of the simple flow test on mCherry and HbA with different pH at different time points.

As seen in Figure 13-b, mCherry did not flow effectively under pH 5.5 and pH 6 conditions,
but it migrated successfully without noticeable tailing at pH 7.3. For HbA, slight movement with
tailing was observed at pH 5.5, no movement at pH 6, and clear migration with significant tailing
at pH 7.3. These results suggest that at pH values close to each protein’s IEP, the proteins become
nearly neutrally charged and tend to precipitate, especially under no-salt conditions. In low- or no-
salt environments, protein solubility increases as salt concentration increases due to charge
screening; this is called salting-in. The salting-in region of hemoglobin is reported to be below
approximately 0.15M salt [56]. Therefore, having a moderate salt concentration can improve
protein solubility by reducing aggregation. Additionally, successful migration on Grade 691 may
require a sufficiently large difference between the pH and the protein’s IEP, as seen in the case of
mCherry (pH 7.3 vs. IEP 5.63). However, HbA (IEP 6.91) did not migrate well at pH 5.5, even
though the pH difference is comparable. This may be due to the nature of Grade 691, which is
made of glass fiber and carries a negative surface charge under neutral and basic conditions [57].
At pH values lower than the IEP, proteins are positively charged and may adhere more strongly to
the negatively charged paper, leading to retention and tailing. Under higher salt conditions, the
presence of salt ions may help by coating the surface of Grade 691 or by screening electrostatic

interactions, thus reducing nonspecific binding between the protein and the paper surface.
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Assessing Whether Blocking Grade 691 Enhances Protein Flow

1% BSA +
0
pH6 Not Blocked 1% BSA 0.1%Tween20

Time 0:00 5:00 0:00 5:00 0:00 5:00
(IEP=5.63)

HbA
(IEP=6.91)

Figure 14: Images of the simple flow test on mCherry and HbA with pH6 with different surface
treatment at different time points.

mCherry

Since adhesion and precipitation issues are hindering protein flow on Grade 691 at different
pH levels, and because we want to control protein movement by setting specific pH values (see

Chapter 4.2 for details), we aimed to address the problem of surface adhesion. Two surface
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treatments were applied to Grade 691, and a simple flow test was conducted to evaluate whether
they helped (Figure 14). The first condition involved blocking the surface of Grade 691 with 1%
BSA. The second condition combined 1% BSA with 0.1% Tween 20 to reduce protein aggregation
and precipitation. Figure 14 shows the flow test results at pH 6, where both mCherry and HbA
initially showed no movement. These results were compared to the flow tests under the two

blocking treatments.

In both treated conditions, the proteins moved but left faint pink or red traces behind their
paths, slightly visible in the images captured at 5 minutes. However, there was little difference
between the condition with Tween 20 and the one without it observed by eye. These results suggest
that blocking the surface improved protein flow on Grade 691, but the treatment may not be

effective enough to fully eliminate tailing or adhesion.

Method

Blocking was performed by first preparing 1% BSA and 0.1% Tween 20 solutions. The
paper was soaked in either 1% BSA or 1% BSA + 0.1% Tween 20 for 1 hour, then washed with
water and dried overnight. The paper setup for the flow test was the same as previously described.
The running buffer was 10 mM histidine buffer at different pH values. HbA and mCherry were
loaded onto the paper using 1 pL volumes. The flow pattern was recorded using a phone camera.
To improve visibility and interpretability, the image saturation and contrast settings was adjusted

in Figures 13 and 14.

3.7 Conclusion

In this chapter, a functional paper-based platform for continuous flow electrophoresis was
developed through systematic design and iteration. The platform utilized capillary-driven flow by

creating a pore-size gradient across materials to control flow direction and rate without external
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pumps. Material screening identified Grade 691 as the most promising paper for the separation
bed due to its consistent, clean flow patterns, and wide heat tolerance under standard conditions.
However, subsequent experiments revealed that protein migration on Grade 691 can be inhibited
by protein adsorption under some pH conditions and salt concentrations. Near each protein’s
isoelectric point, especially under low-salt conditions, strong adhesion and precipitation were
observed, preventing effective flow and leading to tailing. These issues are likely due to both
reduced solubility near the IEP and electrostatic interactions between positively charged proteins
and the negatively charged glass fiber surface of Grade 691. Surface blocking treatments using 1%
BSA with or without 0.1% Tween 20 partially improved protein mobility but did not completely
eliminate tailing or surface interaction. These results suggest that while Grade 691 performed well
in early flow tests, it may not be an ideal material for applications requiring different pH setup and
minimal protein—surface interaction. In future work, alternative paper materials with protein—

surface may be explored to improve separation performance (see Chapter 5 for further discussion).

43



CH4 Analytes Separation on Miniaturized Paper CFE

4.1 Overview of Buffer Systems

In order to achieve separation of analytes under a small scale and small voltage, the
composition of the running buffer became a variable for manipulation. Three distinct buffer
systems were employed on the platform to assess their feasibility and gather insights for further
design refinements. The buffer systems applied include single buffer system, discontinuous buffer
system, and free-flow field step electrophoresis (FFFSE) (Figure 15). Additionally, a combination

of the discontinuous buffer system and FFFSE was also investigated.
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Figure 15: (a) Single buffer system. (b) Discontinuous buffer system. (c¢) Free-Flow Field Step

Electrophoresis (FFFSE).

IEP is the pH at which the net charge of a particle is zero. The magnitude and polarity of
particle net charge under the influence of an electric field is determined by its difference between
the medium pH and its own IEP. The particle will carry positive charge when pH <IEP, neutral
charge when pH=IEP, and negative charge when pH>IEP. For particles with multiple ionizable
groups, a greater difference between pH and IEP leads to a greater net charge due to increased

protonation or deprotonation. Electrophoretic mobility () of a particle under the field is

where v is the electrophoretic velocity, E is the electric field strength, q is the net charge under E,
and f is Stokes Frictional Factor modeling the particle as a sphere [39]. These are the key factors
that affect how the particle moves in the system, and the three buffer systems can separate analytes

based on slightly different principles based on these factors.

Single Buffer System

The single buffer is the system that is used in zone electrophoresis. In a single buffer system,
the direction of particle deflection towards the electrodes depends on the charge it carries relative
to the surrounding buffer pH. Particles with stronger net charges experience stronger electric forces.
The electric force exerted on particles with larger net charge will be stronger. Assuming similar
analyte masses, according to Newton's second law, particles with larger net charges will move

faster towards the electrode. The difference in this electrophoretic velocity is the main principle of
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separating analytes in a single buffer system. This type of separation principle is used in the

traditional diagnostic method of cellulose acetate electrophoresis at alkaline pH.

Discontinuous Buffer System

In discontinuous buffer system, pH gradient is built by having multiple buffer inlets at
different pH. Separation occurs through isoelectric focusing, as an electric field is applied across
a medium containing a pH gradient. Particles within this medium migrate towards electrodes of

opposite charge until their net charge reaches zero and are focused at the location where pH=IEP.

Free-Flow Field Step Electrophoresis (FFFSE)

FFFSE is a strategy to increase separation at the center zone in CFE. According to

conservation of current density,

Vi=V(oE) =0

stronger field strength at the center is established by implementing a less conductive medium at
the center zone, while employing more conductive media at sides [39]. This approach could

facilitate separation without increasing the applied voltage.

Buffering Agent

To support these buffer systems and enable controlled analyte separation, buffering agents
were selected based on their buffering pH ranges, ionic strength, and compatibility with proteins
under electrophoresis conditions. Three buffering agents were used in this project: TBE (Tris-

Borate-EDTA), ACES (N-(2-Acetamido)-2-aminoethanesulfonic acid), and Histidine Buffer.

TBE buffer is a running buffer that is commonly used in zone electrophoresis. The

buffering range of Tris is pH 7 to 9, and that of boric acid is pH 8 to 10 [58]. TBE buffer is often
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used at pH 8.3. However, TBE is more commonly used for nucleic acids, and its buffering range
does not cover the desired range for later designs. Therefore, other buffering agents were explored.
ACES buffer is a zwitterionic buffer with a buffering range of pH 6.1 to 7.5, which includes the
desirable range both above and below the isoelectric points of hemoglobin variants, making it
suitable for the buffer setup discussed in Chapter 4.2 [59]. Since it is zwitterionic, it does not carry
current, which is helpful in IEF to improve separation. It is also considered a buffer with high
electrophoretic reserve capacity (ERC), which is defined as the ratio of neutral species to total
buffer concentration [60]. A higher ERC allows the buffer to better maintain its position and
support a stable pH distribution. Histidine buffer is both zwitterionic and ampholytic, meaning that
it can possess positive charge or negative charge, with a buffering range of pH 5.5 to 7.4, which
also includes the desired pH range for further setups [61]. It is zwitterionic at its IEP, where the
net charge is neutral, but the molecule carries both a positive and a negative charge. Due to its
ampholytic nature, histidine can change its charge depending on the surrounding pH relative to its
IEP. As an ampholyte, it can self-focus and help form pH gradients when used as a carrier
ampholyte in IEF. The choice of buffering agent is important when aiming to build a desirable and

stable pH gradient, which will be further discussed in Chapter 4.3.

4.2 Results and Discussion of Buffer System Performance

To evaluate which buffer system is most suitable, experiments were conducted using the
three buffer systems introduced in Chapter 4.1: the single buffer system, discontinuous buffer

systems, and FFFSE.

Single Buffer System

First, the objective was to identify the buffer pH at which HbA would exhibit noticeable

deflection toward either electrode. A voltage of 30 V was uniformly applied across 1 cm of testing
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paper by one pair of electrodes. In Figure 16, sample locations at various time points were analyzed
based on gray values, where lower gray values correspond to higher color intensity on the testing
paper. Therefore, the downward-concave peaks in the middle of the plots indicate the sample
locations. The expected behavior of HbA was anticipated to deflect toward the positive electrode
when the pH was below its estimated IEP, and toward the negative electrode when the pH exceeded
its estimated IEP. However, observing by eye, HbA migrated straight down along the flow direction
across all four pH conditions tested. According to the four plots in Figure 16, the majority of peaks
overlapped, and no trend of migrating toward negative electrodes as the pH increase was observed.
Electrophoretic mobility is based on the net charge carried on HbA. The net charge is based on the
disparity between sample IEP and environment pH. Greater disparities result in larger net charges.
Nevertheless, even by increasing the disparity between IEP and pH through testing at pH 8.0, no
deflection toward the negative electrode was perceptible by eye or in the plotted data under 30 V

with one pair of electrodes across 1 cm wide distance.

])II6.b PH72 955 . o
55 . - i
0:00 2% ,\ JOTA ,,,,m_f’\.\,\‘l‘ 0:00 / V er‘ ‘ M‘"
- ! N \ |
N 250 ‘ 250 |
r V'
A 245 /
p g 245
= . T
100 = 20 | 050 = |
B 5 [&]
[C} 240
N 235 |
v \
235
230
: 1:50
200 225 230
U 0 2 4 6 8 10 0 2 4 6 8 10
Distance (mm)
- ' Distance (mm)
- = just loaded A
between electrodes Just loaded
between electrodes
pass electrodes
passed electrodes

48



pH74 pHS.0
2 M N
0:00 IT: \ A 0:00
250 \
L N
v
r 245 F
E I
5 =
EUE 0:50
@
&
- -2 235
r r
230
2:00 1:50
225 230
B 0 2 4 6 8 10 1 0 2 4 6 8 10
~ J Distance (mm)
2l Distance (mm)
& I just loaded
between electrodes = just loaded
passed electrodes hetween electrodes
passed electrodes

Figure 16: Sample locations at different time points. The concave downward peaks represent the
horizontal distance of the sample to the side of the testing paper. The captured time points were
right after the sample was loaded, when the sample was in between the electrodes, and after the
sample passed the electrodes. The time points were noted on the images as minutes:seconds, and
were noted on the plot from dark to light color. (Condition: 5x TBE (pH 6.8, 7.2, 7.4, 8.0); pipette

loading 1 uL HbA (1:100); 30 V, right (+), lefi(-)).

Therefore, a higher voltage, longer electrode contact, and a trapezoidal separation bed were
employed to increase electric field strength and enhance separation. Setup 2, along with the tank
cassette, was used to achive this while preventing paper buring at high voltage. This setup allowed
the electric field to be aplied across the entire path of sample migration, thereby extending the
duration during which the sample was subjected to the field. The voltage of 50 V was applied to
the system. The duration from loading of the first sample to the last sample reaching the absorbent
pad was approximately 13 minutes. Human HbA and HbS were introduced onto the platform under

different buffer pH conditions as shown in Figure 17.
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When the running buffer was at pH 6.5, both HbA and HbS (with isoelectric points above
6.5) carried positive charges and deflected toward the negative electrode, as expected (Figure 17-
a). At pH 7.0, which lies between the IEPs of HbA and HbS, HbA was expected to carry a negative
charge and HbS a positive charge. However, no clear deflection toward either electrode was
observed (Figure 17-b), indicating no separation between them. At pH 7.5, where both HbA and
HbS have IEPs lower than the buffer pH, both proteins should carry negative charges and migrate
toward the positive electrode. While both deflected in that direction (Figure 17-c), no separation

was observed between them.

[a| IEP: HbS>HbA>pH b | 1EP: HbS>pH>HbA [EP: pH>HbS>HbA

Toward (+)

Figure 17: Single buffer system applied on the tank cassette setup (Setup?). Sample (point
loaded): HbA (1 uL), HbS (1 uL); Voltage: 50 V; Buffer: 100 mM ACES + 500 mM NaCl. The
images were captured within the 12-minute video at the time point where three samples could be
seen at the same time. The sample location was analyzed right before each sample reached the end

of the testing paper (where the testing paper width = 35 mm).

Discontinuous Buffer System
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Next, discontinuous buffer system was evaluated. BPB, bovine Hb, and human HbA and
HbS were applied on the platform. BPB is a low molecular weight dye that carries a negative
charge under at neutral pH and becomes neutral under pH 4 [62]. It is also a pH indicator that
appears blue at neutral pH and gradually shifts to yellow as the pH decreases from pH 4.6 to pH

3.0.

In a discontinuous buffer system, the samples separated primarily based on the principle of
isoelectric focusing. Figure 18-a demonstrates a trend of BPB and bovine Hb separating under a
single buffer system with the voltage of 50 V and two pairs of electrodes, wherein the blue color
(BPB) was observed at the left and the brown color (bovine Hb) is on the right side. However,
significant overlap occurred between them, indicated by the gradient of blue to brown color,
resulting in only one peak in the grayscale intensity plot. When implementing a discontinuous
buffer system with two buffer inlets, an improvement in separation is achieved (Figure 18-b). The
sample became more focused on pH values corresponding to their IEP, where they are charge-
neutral. This led to narrower track and more obvious separation of BPB and bovine Hb. The
successful separation is indicated by the presence of two distinguishable peaks in the plot. In
Figure 18-c, separation between BPB and Human Hb was observed. Despite this separation,
separation between different Hb variants was not achieved under this condition. This observation
implies that further optimization or alternative conditions may be required to achieve resolution

between Hb variants.
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Figure 18: Comparison between single buffer system and discontinuous buffer system. (a)
Setup 1 A-N5-1 (b)Setup I A-N5-1I. (a)(b) Sample (continuously loaded): BPB, Bovine Hb (IEP=7.1)
[63]; Voltage: 30 V; Buffer: 5x TBE ; Testing Paper: Grade 691. (c) Setup 2B-N10-1I. Sample
(pipette loaded ): BPB (0.2 uL), HbA (1 uL), HbS (1 uL); Voltage: 50 V; Buffer: 100 mM ACES +
500 mM NaCl; Testing Paper: Grade 691. (a)(b)(c) The plots show the sample's spatial
distribution at the horizontal cross-section located in the middle of the testing paper, where the

width measures 25 mm.

Free-Flow Field Step Electrophoresis (FFFSE)

FFFSE was implemented on the platform by introducing buffers with different
conductivities through the three inlets to the separation bed, as shown in Figure 11 d-IIl. The

conductivity differences were achieved by the varying the buffer concentrations. With only FFFSE
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applied at pH 8.4, BPB and RFD deflected toward positive electrodes (Figure 19-a). Bovine Hb
and HbA exhibited migration along the center track. As the sample migrated down the testing paper,
the sample track became wider. An attempt was made to combine FFFSE with discontinuous buffer
systems and learn its viability (Figure 19-b). The samples indicated that they were affected by the

field, as shown by the focusing of the sample, resulting in a thinner track.
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pH8.4 pH8.4 pH8.4 pH6.8 pH7.2 pH7.4
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Figure 19: FFFSE on Setup 1B-N10-1ll. Sample (pipette loaded): BPB 0.2 uL, RFD 0.2 ul, HbA

1 ulL, Bovine Hb 1 uL; Voltage: 30 V; Buffer: 5x TBE and 0.25x TBE, Testing Paper: Whatman

Grade 691. (a) FFFSE. (b) FFFSE combined with the discontinuous buffer system.

Discussion of the Three Buffer Systems

Based on the results from the single buffer system, we observed that applying 30 V across
a 1 cm separation bed with only one pair of electrodes was not sufficient to cause obvious
deflection of HbA during its migration. In contrast, when 50 V was applied with a longer contact
between the paper and the electrodes, clear deflection of Hb under different pH conditions was
observed. This indicates that prolonged electrode contact is a desirable design feature, as it
increases the duration of field exposure for analytes. The electrophoretic mobility of Hb is

sufficient to show deflection in this platform. The observed deflection toward different electrodes
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also confirms that we can control migration direction by adjusting the buffer pH relative to the IEP
of the protein. However, the difference in electrophoretic mobility between HbA and HbS is not

sufficient for separation under single buffer system.

In the discontinuous buffer system section, there is a direct comparison of single buffer
system and discontinuous buffer system under same voltage (30 V) and same buffering agent (5x
TBE). The results showed improved spatial separation of BPB and bovine Hb. The analytes were
more sharply focused, with BPB and bovine Hb appearing as two clearly distinguishable peaks in
the intensity profile. Further focusing of hemoglobin was observed when 50 V and extended
electrode contact were applied (Figure 18). Both the discontinuous buffer system and FFFSE
demonstrated successful separation of the low molecular weight dye from the proteins. This marks
an important first step in demonstrating separation capabilities. The next goal of this project is to
separate two proteins, which have higher molecular weights. Based on the results so far, we
propose that achieving this will require more precise pH control using a discontinuous buffer

system and extended or increased contact with electrodes.

Proposed Buffer System for Protein Separation

The proposed concept is illustrated in Figure 20. Assuming two proteins with different
IEPs (IEP1 < IEP2), we design the buffer zones in three sections. The left zone, near the positive
electrode, is set to a pH below IEP1. The middle zone has a pH between IEP1 and IEP2, and the
right zone has a pH above IEP2. Using the three-inlet geometry shown in Figure 6b, we can form
two pH interfaces. Each protein will be focused at the interface sandwich by buffer zones with pH
values just above and below its IEP, enabling spatial separation of the two proteins. FFFSE was
not selected for this application because analytes in FFFSE tend to focus at the conductivity

interfaces. If more than two proteins with different IEPs need to be separated in the future, the
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number of conductivity interfaces may be insufficient to achieve effective separation. Additionally,
study showed that isoelectric focusing (correspond to the discontinuous buffer system) have higher
specificity and sensitivity in detecting SCD, compared to the zone electrophoresis (single buffer

system) [64].

Two Proteins: IEP1 and IEP2

Sample

Y
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pH<IEP1 IEP1<pH<IEP2 IEP2<pH

Figure 20: The proposed buffer system for protein separation.

Observed Issue in pH Distribution Control

During experiments using the proposed buffer system, the desired separation was not
achieved. The analytes did not migrate to the expected locations corresponding to the interfaces
observed in the flow test (no voltage) with colored dyes. Additionally, as shown in the results for
the discontinuous buffer system (Figure 18), although separation was observed, the entire

migration region was shifted to the right when comparing Figures 18-b and 18-c. This shift was
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substantial and consistently observed across multiple experiments, suggesting it was unlikely to
be caused by inconsistencies in the paper setup, such as uneven contact with the absorbent pad (a
pressure bar was used in the cassette to ensure consistent contact between the absorbent pad and
the separation bed). It was suspected that the expected pH steps were not properly formed. To
investigate this, a quick test was conducted to assess the pH gradient on the separation bed after a
run, using the pH indicator property of BPB. After electrophoresis and once the power was turned
off, BPB was pipetted onto multiple locations along the separation bed. The inlet buffers were set
topH 6.5, 7.0, and 8.0. However, as shown in Figure 21, the BPB exhibited an abrupt color change
in the middle of the strip, indicating a sudden shift from a region with pH below 3.0 to pH above
4.6. This result shows the need for a reliable method to monitor pH within the system in order to
troubleshoot and establish stable pH steps or gradients. This method will be discussed further in

Chapter 4.4.

Figure 21: An image showing pH shift after a run with initial pH at the three buffer inlets were set
to be pH 6.5, 7.0, 8.0 (running buffer: 100 mM ACES + 500 mM NaCl), indicated by the color

change of BPB.
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Method: Testing Different Buffer Systems

Bufters were adjusted to different pH and various combinations of buffers were tested. First,
2 mL of running buffer was added to each buffer pad in the buffer container, allowing the running
buffer to wet out the testing paper. For Cassette 2, 4 mL of buffer was added into each tank after
the testing paper was wetted out. The samples were loaded on the testing paper either by sample
wick or pipetting. Sample loading methods include pipetting a spot on testing paper, or
continuously loading the sample on testing paper. For continuously loading the samples, 2 mL of
mixed samples were added on the sample pad on the tray. BIO-RAD PowerPac Basic was used to
generate potential differences across the testing paper. The flow pattern of the sample was recorded

by a phone camera.

Analytes with visible color and different electrophoretic properties were applied on the
paper platform. Bromophenol blue (reagent ACS; Cat. No: 032641.06) was obtained from Thermo
Scientific Chemicals and prepared to 1 mg/mL concentration solution in water. Red food color
(Ingredients: Water, Propylene Glycol, FD&C Reds 40 and 3, and 0.1 % Propylparaben
(Preservative)) was obtained from McCormick. Hemoglobin from bovine blood (lyophilized
powder; H2500), Hemoglobin A0 (Ferrous Stabilized human; H0267), and Hemoglobin S (Ferrous
Stabilized human; H0392) was obtained from Sigma-Aldrich. Bovine hemoglobin (bovine Hb),
Hemoglobin A0 (HbA), and Hemoglobin S (HbS) were prepared by resuspending in phosphate
buffered saline (PBS pH 7.4 (1x); Gibco 10010-031) to 15 g/L (0.1x). The 15g/L stock Hb solutions

were further diluted to 0.01x in water.

Image] was used to analyze the sample location on the testing paper as it migrated along
the flow direction. An image was captured at a specific time point from the video. Subsequently,

the image was converted into gray scale and subjected to background subtraction in ImageJ. Then
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the scale was adjusted for dimension. The gray values were measured along a designated line and

were plotted against the distance.

4.3 pH Gradient in Isoelectric Focusing

A stable pH gradient is essential for successful IEF, as analytes migrate and focus at the pH

corresponding to their IEPs. Several strategies have been developed to establish pH gradients.

One common approach is the use of commercial carrier ampholytes, which are mixtures of
small amphoteric molecules with overlapping pKa values [60]. When an electric field is applied,
these molecules migrate and dynamically form a continuous pH gradient by releasing or accepting
hydrogen ions along the way. This self-regulating process allows them to both adjust the local pH
and migrate toward their own IEP, resulting in a steady-state distribution. While effective and
widely used in IEF systems, carrier ampholytes are often expensive and less accessible in low-

resource settings [65].

Another method involves immobilizing the pH gradient on a membrane using Immobilines
[60]. These chemically defined buffering molecules are covalently bound to a polyacrylamide gel
or membrane. Commercial immobilized pH gradient gels are available, but they are expensive and

increase fabrication complexity.

A third strategy is to generate a pH gradient using acid-base titrants [60]. This is to build
pH gradient based on binary pairs of known acids and bases. This method creates a stepwise pH
gradient using binary pairs of known acids and bases. It is significantly more cost-effective than
ampholyte-based systems. The principle relies on choosing buffer pairs with high electrophoretic
reserve capacity (ERC), which is defined as the ratio of neutral species to the total buffer

concentration. Buffers with high ERC (>0.9) consist primarily of neutral species, making them
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slow-migrating molecules under an electric field. This property allows them to form more stable
pH gradients. The pH range can be controlled by selecting buffer pairs with appropriate pKa values
and high ERC. The Slais group employed this strategy in their earlier work to construct a pH

gradient [46].

Additionally, the Slais group explored a different approach to generating a pH gradient
without the use of carrier ampholytes in their DF-IEF system [48]. They demonstrated that
complex biological samples, such as yeast lysate and flour extract, could form self-generated pH
gradients through autofocusing. Since proteins are also ampholytes, the principle is similar to that
of carrier ampholytes, as they can self-organize into a pH gradient under an electric field. However,
this gradient is highly dependent on the composition of the sample, making it difficult to control.
It is also nonlinear, with the neutral pH region often compressed. This behavior is not desirable for

the design of my system.

In my system, rather than forming a continuous pH gradient, the proposed design creates a
stepwise pH profile. In contrast to other methods that generate continuous pH gradients, this
stepwise gradient is established through multiple buffer inlets. Therefore, the use of buffer pairs
with high ERC is particularly suitable and can be effectively applied in this setup. The construction
of'a pH gradient using paper geometry provides a simpler approach that does not require expensive
carrier ampholytes or a pre-focusing step, and allows for easier fabrication compared to
immobilizing a pH gradient within the medium. The buffer inlet geometry design, as described in

Chapter 3.4, also offers flexibility to create either a stepwise or continuous pH gradient.
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4.4 Results and Discussion of pH Distribution Control

As mentioned in Chapter 4.2, there is a need to observe the pH distribution on this platform
while it is operating. Using pH indicators may not be suitable, as they also move under the electric
field and tend to focus. In addition, the available pH indicators only show a color change at a single

transition point, making it difficult to capture the full pH profile across the separation bed.

pH Indicator Stamp Development
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Figure 22: Images of the pH indicator stamp. (a)(b) Using PCR tubes and a 3D-printed holder.
(c) Using insulated tweezers and a small piece of pH indicator strip. "Created with

BioRender.com" (d) The pH indicator strips used.

To explore this, a stamp with pH strips was prepared (Figure 22). By stamping the pH
indicator strips onto different locations at various time points during the run, we were able to assess
the pH stability of the system. Two methods for stamping the pH indicator strips onto the separation
bed were developed. The first method uses PCR tubes held in a 3D-printed holder, with pH

indicator strips placed inside, and stamps them directly onto the separation bed (Figure 22- a & b).
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The second method involves using insulated tweezers to press the pH indicator strip onto the bed,
with one edge of the strip in contact with the surface (Figure 22-c). The second approach helps
reduce the pH indicator strips needed and provides a more continuous pH profile. pH indicator
strips with a range of pH 6-8 were used, as this is the target pH range of the system. pH indicator
strips with a broader range of pH 1-11 were also used to check whether the pH had shifted beyond

the desired range (Figure 22-d).

pH Distribution Accessed From the pH Indicator Stamp
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Figure 23: pH distribution over time assessed using a pH indicator stamp. The image at the top

shows the paper CFE setup, with three regions where the pH was measured: (1) inlet, (2) middle
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zone, and (3) outlet. A voltage was applied across the separation bed, and pH values were
measured at the three regions over time. The pH color changes were interpreted using two pH
indicator strips with different ranges (pH 6—8 and pH 1-11). Time points include 3, 12, 16, 30, and
40 minutes. The initial pH value from the buffer inlet was set to be pH 7. The pH values shown are
visual estimations based on comparison with the indicator strip color charts and were referenced
against buffer standards whose pH was verified with a pH meter. (Condition: Buffer +

Electrolytes: 100 mM ACES (pH 7) + 500 mM NaCl, 10 V (10-15 mA)).

After several rounds of design and setup iterations, significant pH shifts were observed due
to the hydrolysis of the buffer near the electrodes. In Figure 23, the pH profiles at three positions
were measured during the run at various time points. The initial pH was 7, and the buffering range
of ACES is pH 6.1-7.5 [59]. The pH at positions 2 and 3 began to shift toward a more basic range
near the negative electrode. By 12 minutes, the solution near the positive electrode started
becoming more acidic. At 16 minutes, pH indicator strips with a broader range were used,
revealing abrupt color changes from pH 1 to pH 7 to pH 11. Over time, the acidic and basic regions
extended toward the center, compressing the neutral zone. By 40 minutes, only a thin region
remained at pH 7. These results indicate that the pH is highly unstable, even under a low voltage
of 10 V, and that the acidic and basic fronts from the electrodes gradually compress the neutral

region, even in a flowing system.
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Improving pH Stability by Reducing Salt Concentration
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pH at 1 pH at 2 pHat3 pH at1 pHat 2 pHat3
omn NS N I D
pH7.4 pHT7 4
amin I T I N
min [ N N I I
Tomin - N N I I
pH7.4 pHS8 pH7.4 pH8
15min - [ D I D
pH7.4 pH8 pH7.4 pH8

Figure24: Effect of salt concentration on pH stability during paper CFE. pH was measured at
three positions (1: inlet, 2: middle, 3: outlet) over time (as described in Figure 23) under two
conditions: no added salt (left) and with 50 mM NaCl (right), with the initial pH from buffer inlet

set as pH 7.4. (Condition: 10 mM histidine buffer pH 7.4 (+50 mM NaCl), 30 V; 0.02 A).

In further experiments, it was found that removing salt from the system allowed the pH to
remain stable for at least 15 minutes under 30 V. Figure 24 shows a comparison of pH distribution
changes over time between no salt and 50 mM salt conditions at 30 V. The buffering agent used
was 10 mM histidine buffer, which has a buffering range of pH 5.5 to 7.4 [61]. The initial buffer
pH was set to 7.4. The results show that under the no-salt condition, the pH remained unchanged
throughout the 15-minute run. In the 50 mM salt condition, the region near the negative electrode
became slightly more basic. This could be due to the initial pH being set near the upper end of the
buffer’s effective range. However, since the run duration is only about 10-15 minutes, this minor
shift is acceptable. Although there is salt present in blood at approximately at the level of 150 mM

[66], it will be diluted during the sample preparation process to lyse red blood cells and release
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hemoglobin. A common way is using ammonium-chloride-potassium (ACK) buffer with 1:10
dilution factors in 1x ACK [67]. Moreover, the sample volume is small compared to the running
buffer volume, so the salt concentration in the entire system will be further reduced. Therefore, the

salt introduced from biological samples is not a significant concern in this context.

Issue Observed with No Salt Condition

Attempts were made to separate two proteins with a relatively larger IEP difference,
mCherry (IEP = 5.63) and HbA (IEP = 6.91), under no- or low-salt conditions. However, no clear
separation was achieved, and the migration behavior remained inconsistent. In some trials, one or
both proteins exhibited migration under the electric field, while in others, no noticeable movement
was observed. To troubleshoot this, a simplified 1D zone electrophoresis system was built to

eliminate one spatial dimension and examine the horizontal migration behavior of the proteins.
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Figure 25: Migration behavior of BPB, mCherry, and HbA under 1D paper electrophoresis at 30
V (0.02 A) using 10 mM histidine buffer at different pH conditions. The separation bed is 2 cm

wide.
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1D electrophoresis tests were conducted using buffers at different pH levels. A 2 cm wide
separation bed was connected to electrodes at each end using a curtain and tank cassette. No fluid
flow was present in this setup. A control test without applied voltage (Figure 25, left) was
conducted to ensure that any observed migration in other conditions was not due to uneven contact
or setup bias. BPB was included as a tracer to confirm that the electric field was applied
successfully. Under the condition of 30 V at pH 7.4, BPB and mCherry were loaded at the center
of the separation bed, as indicated by the vertical white line (Figure 25, middle). Under 30 V at pH
6, mCherry, BPB, and HbA were similarly loaded at the center (Figure 25, right). Since pH 6 lies
between the IEPs of mCherry and HbA, it was expected that they would migrate in opposite

directions: mCherry toward the positive electrode and HbA toward the negative electrode.

The results showed that mCherry migrated toward the positive electrode at pH 7.4 but did
not move at pH 6. HbA (IEP = 6.91), was expected to migrate toward the negative electrode but
also did not move. These results suggest two possible explanations: either the pH was too close to
each protein's IEP to induce sufficient net charge for migration, or non-electrophoretic factors,
such as interactions with the paper, were interfering with movement. To differentiate between these
possibilities, simple flow experiments were performed across a range of pH conditions, revealing
potential issues with protein precipitation and adhesion to the paper at low salt condition (see
Chapter 3.6 for details). Also, earlier experiments (Chapter 4.2) confirmed that the electric field
was strong enough to mobilize proteins under 30 V, as shown by protein focusing in the FFFSE

setup (high salt condition).
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Discussion

This chapter investigates different buffer systems for protein separation on a miniaturized
paper CFE platform. By testing single buffer, discontinuous buffer, FFFSE systems, and pH
gradient, we investigate how parameters like electric field strength, pH environment, pH stability,

and paper—analytes interactions influence separation behavior.

In the single buffer system, no separation was observed between HbA and HbS, even when
the buffer pH was set between their IEPs. While the compression of the pH from the electrodes
under high-salt conditions may have contributed to this outcome, it also suggests that the difference
in electrophoretic mobility between these two proteins may be too small to resolve under the
current scale, time, and voltage settings. Although hemoglobin variants could not be separated
under this condition, the experiments successfully demonstrated that protein migration direction
can be controlled by tuning the surrounding pH relative to the IEP. A future direction involving the
use of an additional binder to exaggerate the IEP differences of HbA and HbS is introduced in

Chapter 5.

The discontinuous buffer system offered an obvious improvement in spatial resolution by
utilizing the principle of IEF. Compared to the single buffer system, focusing and more distinct
separation of BPB and hemoglobin were observed. However, the system was unable to achieve
separation between Hb variants, suggesting that sharper and more stable pH steps are needed to
resolve proteins with closely spaced IEPs. Therefore, a three-zone buffer design was proposed and
tested, aimed at forming pH interfaces to target proteins with specific IEP differences. Utilizing a
stepwise pH gradient, rather than a continuous gradient, may improve spatial resolution and

produce sharper focusing at the pH interfaces. This strategy would require precise pH control and
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stability. However, hydrolysis at the electrodes and ionic movement introduced instability in the

pH gradient.

FFFSE was tested as a strategy to enhance field strength at the center of the separation bed
without increasing overall voltage. The project proceeded with the discontinuous buffer system,
as the initial goal was to determine the pH and buffer composition that could enable separation of
HbA and HbS. Voltage reduction was considered a secondary objective to be addressed afterward.
Therefore, FFFSE remains a potential method to enhance separation and could be considered in

future studies with further investigation.

During troubleshooting, pH instability was identified as a major factor limiting separation
performance. It was found that removing salt from the system helped stabilize the pH for at least
15 minutes under 30V, which is promising for short duration runs. However, under no-salt
conditions, new challenges appeared. Protein migration became inconsistent, and increased
adhesion to the paper was observed. 1D electrophoresis experiment with mCherry and HbA
showed that under conditions where opposite migration directions were expected, the proteins
failed to move toward either electrode. And the flow test described in Chapter 3.6 suggests that
protein solubility and protein-paper interactions become more problematic at low ionic strength,
particularly when pH is close to the protein’s IEP. Overall, we want to avoid high salt
concentrations due to pH instability and the potential for salting-out effects. The salt from the
blood sample is not a major concern, as it will be diluted during the sample preparation step.
Additionally, the sample loading volume is small compared to the total running buffer volume,
which further reduces the salt concentration to a level that is unlikely to affect pH stability within
our desired run time. However, low-salt conditions also raise issues such as protein precipitation

and adhesion to the paper as discussed in Chapter 3.6.
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These issues reduced the suitability of the chosen paper material. While Grade 691
performed well in early flow tests due to its clean migration behavior, its glass fiber composition
and negatively charged surface likely contributed to protein adhesion under low-salt or neutral to
basic conditions. Surface blocking with BSA and Tween 20 provided slight improvement in protein
flow, but noticeable tailing behind the migration path was still observed. This suggests that Grade
691 may not be ideal for low-salt protein separation applications. Selecting new paper material

may help resolve this limitation (see Chapter 5.1 for details).

4.5 Assessing Quantification Capability on Paper

Although separation of two proteins was not achieved in previous experiments, we still
aimed to access the ability the device’s ability to perform quantitative analysis of Hb concentration.
Quantitative results are important for identifying heterozygous status, monitor disease severity,
and track treatment response. Typically, in SCT heterozygous individuals, HbS level range 20% to
40%, while in SCD homozygous individuals they often approach 100% [37] [68]. In transfusion
therapy, the goal is to reduce the HbS level to < 30 % [9]. Additionally, although this prototype
does not focus on HDbF, hydroxyurea treatment has been shown to be effective when HbF
concentrations are raised to 30 % [69]. Therefore, it is crucial to determine whether this platform

can perform quantitative results to distinguish these clinically relevant differences.

To evaluate this, a flow test was conducted using different concentrations. Flow patterns
were recorded, and the intensity was quantified to assess correlation with Hb concentration. HbA
was initially resuspended in 1x PBS at a concentration of 15 g/L, corresponding to 0.1x the total
Hb concentration typical found in homozygous or heterozygous samples (~150 g/L) [18]. This
dilution is performed because, in practical applications, the blood must first be diluted to lyse red

blood cells (see Chapter 5.5 for details). PBS was used to resemble the physiological condition of
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blood. After that, 0.1x HbA solution was further diluted with water to 0.05x, 0.02x, and 0.01x
concentrations. Taking 0.1x as 100 % Hb concentration, the resulting concentrations of 0.05x,
0.02x, and 0.01x correspond to 50 % (7.5 g/L), 20 % (3 g/L), and 10 % (1.5 g/L), respectively.
These concentrations of HbA were then physically loaded onto the test strip at separate locations

(Figure 26-a).
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Calibration Curve (n=4)

--- R?*=0.974

800 1 ® Mean £5SD L~
S 700 | ="
g
5 %00
G e
T 500 - e
‘é -
S 400 - /,"
£ .
= 300 1 %,—
2 .

200 11"

100 - :

2 4 6 8 10 12 14

Concentration (g/L)

Figure 26: Evaluating the quantification capability of the platform (a) Image captured during the
flow test (left), with the blue channel extracted for analysis (vight). 1 uL HbA at different
concentrations were loaded on the paper at different position. (b) Quantification of intensity in
inverted gray values along the horizontal distance of the strip. Note: The analysis method follows
that described in Chapter 4.2; only the grayscale was inverted here for more intuitive
interpretation. Higher values indicate darker color. (c) Calibration curve (n = 4), plotting area
under the curve (AUC) of gray values against Hb concentration. p = 2.83 x 107 Concentration
levels: 1.5 g/L = 0.01x = 10 %, 3 g/L = 0.02x= 20 %, 7.5 g/L = 0.05x = 50 %, 15 g/L = 0.1x =

100 %.

As shown in Figure 26-b and 26-c, the signal from each HbA concentration was quantified
by the area under curve (AUC). The AUC increased linearly with HbA concentration, with R? =
0.974. One way ANOVA showed a significant difference between groups (p = 2.83 x 107°). This
confirms that AUC values are statistically significantly different across concentrations. These
results support a strong correlation between signal intensity and Hb level. They also show that Hb

on paper can be quantified. Clinically relevant differences can also be clearly distinguished.
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4.6 Overall Discussion and Conclusion

This project aimed to develop a miniaturized paper CFE platform with hemoglobin variants
as analytes. The long-term goal is to develop an accessible diagnostics tool for SCD. Although
complete separation between HbA and HbS was not achieved, meaningful progress was made

across several key areas, providing a foundation for future development.

One of the strengths of this platform is its ability to control fluid flow by capillary-driven
flow without the need for external pumps or gravity-driven flow, making it a promising candidate
for POC applications. Paper geometry and setup designs led to a platform where sample input,
electric field exposure, and buffer environments can be independently controlled. This flexibility
is important for expanding the platform toward more complex design such as multi-zone pH

control.

Three buffer systems were tested to evaluate their effectiveness in separating proteins based
on their electrophoretic mobility and IEP. The experiments confirmed that protein migration
direction could be controlled by tuning the surrounding pH (in single buffer system when the
difference between pH and IEP is around 0.3~0.5). Among them, the discontinuous buffer system
showed improved resolution between analytes, and the combination of discontinuous buffer and
FFFSE further demonstrated sharper focusing of the proteins. These results support the principle
that pH-based separation is possible on this platform. However, maintaining a stable and well-
defined pH environment remained one of the main technical challenges. Hydrolysis at the
electrodes and ion movement in the electric field disrupted the built pH gradients, even under low
voltage (10 V) conditions. pH indicator stamping experiments showed dramatic pH shifts over
time and compressing of the neutral zone. To address this, salt was removed from the system,

which helped maintain pH stability for at least 15 minutes under 30 V. While this was promising
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for short runs, removing salt also caused new problems, such as protein precipitation and adhesion
to the paper, especially when pH was close to the protein's IEP. This result found the core tradeoff
in the system. High salt leads to pH instability and may cause salting out. On the other hand, low
salt improves pH control but increases the chance of protein precipitation and adhesion. Since the
pH control is the key of this platform, changing paper material is suggested to solve this tradeoff.
It is also important to select a buffering agent with high ERC to maintain pH distribution stability,
and with a buffering range that covers the target pH gradient. A combination of buffering agents
may be used to create a broader pH gradient or to form sharper pH steps. Based on the migration
of proteins under both high salt and low salt conditions in the electric field, the IEP difference
between HbA and HbS (AIEP ~0.3) may not be large enough to separate them under the current
running time and voltage. However, their electrophoretic mobility is sufficient for them to deflect
toward the electrodes with this platform size when the surrounding pH is farther from their IEP.
Therefore, to achieve separation, we may consider increasing the running time. In the traditional
IEF protocol for hemoglobin IEF, the voltage*hour value is usually set to 550vh in the separation
phase across 5 cm IEF gel [24]. Another option is to design a longer neck, where the electrodes
are placed closer together, allowing the proteins to pass through an area with stronger electric field
for a longer time. Increasing the voltage could also reduce the required time, but we want to avoid
that since the final goal is to power the system using a simple battery. Another strategy would be

to exaggerate the [EP difference between HbA and HbS, which will be discussed in Chapter 5.

Another valuable outcome was the successful quantification of hemoglobin concentration
using the platform. AUC from the signal intensity showed a strong linear relationship with
hemoglobin concentration across a clinically relevant range, and statistically significant

differences between the concentrations were observed.
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In conclusion, this thesis demonstrates the development of a low cost, paper based,
miniaturized platform for CFE. The system successfully showed separation between dye and
protein. Although full separation between HbA and HbS was not achieved, the results suggest that
it is still possible with improved system design and further testing. The experiments confirmed
that the direction of protein migration can still be controlled by adjusting the pH relative to each
protein’s IEP. Throughout this work, pH stability was identified as a key factor in separation
performance. Using appropriate buffering agents and lowering salt concentration helped stabilize
the pH for at least 15 minutes under 30 V, which is suitable for short diagnostic runs. However,
reducing salt also caused problems with protein solubility and increased protein adhesion to the
paper surface. This suggests that material choice plays a major role, and changing to a different
paper with lower protein-paper interaction could improve results under low salt conditions. The
hypothesis is considered feasible for cases with larger AIEP, though careful material selection is
needed to minimize protein-paper interactions under varying pH conditions. For cases with small
AIEP, compromises may need to be made to enhance separation, such as increasing field exposure
time or field strength by reducing separation distance or increasing voltage. Overall, this project
provides a foundation for future work toward miniaturizing paper CFE for expanding accessibility

of electrophoresis for protein separation.
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CHS Future Directions

5.1 Paper Material Selection and Geometry Considerations

Protein-Paper Interaction

Although this project successfully demonstrated the separation of dye and protein and
showed that hemoglobin variants can move in different directions, there are still some problems
that need to be solved. One major unsolved issue is the tradeoff between maintaining a stable pH
gradient, optimizing salt concentration, and reducing the unwanted interactions between proteins
and the paper material. As discussed earlier, high salt conditions can lead to unstable pH due to
ion migration and hydrolysis around electrodes. However, low salt conditions improve pH stability
but increase protein adhesion and precipitation on the chosen testing paper. While flow tests with
surface blocking and detergent helped improve protein migration, this approach adds complexity
to the fabrication process and could potentially be avoided by choosing a more suitable paper

material.

One solution is to change the paper material. Grade 691 is a glass fiber material with a
negatively charged surface under a wide pH range, which tends to increase protein adhesion under
low ionic strength or neutral/basic pH conditions. This makes it less ideal for protein separation.
The Slais group explored hydrophilized polypropylene non-woven fabrics for their DF-IEF on
proteins, which may reduce protein sticking and improve flow behavior. A quick test using this
material could be valuable. Paper materials with fewer available surface hydroxyl groups may be
preferable, as they can reduce surface charge and minimize charge variation across different pH

conditions.
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In addition to properties like thermal stability, flow rate, and minimal dispersion, it was
found that protein adhesion to some materials varies with pH. This makes pH-dependent adhesion
an important parameter to evaluate when selecting a material for paper CFE systems. Since this
platform relies on pH manipulation to control protein flow, the separation bed should minimize
protein-paper interaction regardless of pH. Future tests should therefore evaluate materials at

multiple pH levels using flow experiments.

Flowrate and Time Under Field

The separation between HbA and HbS was not achieved when the pH was set between their
isoelectric points, suggesting that the time under the electric field was insufficient. To increase

separation performance, future designs could:

e Reduce flow rate by selecting a separation bed with flower flow rate and/or a weaker
absorbent pad.

e Increase the neck length where the electrodes are positioned closer together. This allows
proteins to pass through a region with stronger field strength for a longer time, improving

initial separation (Figure 27).
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Connection to Electrodes

Figure 27: Paper geometry with longer neck area to connect electrodes and increase protein
exposure time under electric field.

5.2 Shifting Isoelectric Point to Enhance Separation

To improve separation of hemoglobin variants, researchers have developed strategies such
as modifying their charge properties. In the HemeChip device used for detecting glycosylated
hemoglobin for diabetes diagnostics, an affinity buffer that reacts with HbA was used, making it
carry a more negative change. This increases the difference in electrophoretic mobility compared
to glycohemoglobin (HbA1C), enhancing the separation [70]. This rationale could also be applied
in this thesis to enhance separation of HbA and HbS. Unlike HemeChip, whose separation relies
on electrophoretic mobility difference in zone electrophoresis, the proposed system uses the
separation principle of IEF. Therefore, a potential strategy is to add a secondary binder that shifts
the IEP of HbS further away from that of HbA. As introduced in Chapter 1, HbS has a higher IEP
than HbA. Therefore, shifting the IEP of HbS to a higher value could exaggerate the difference of

IEP between HBA and HbS. Below are some potential approaches to explore:
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HbS-specific Antibodies

A readily available option is the use of commercially available HbS-specific antibodies.
When the antibody binds to HbS, it can shift the IEP depending on the IEP of the antibody.
However, antibodies are expensive, which would significantly increase the cost of the system.

Therefore, they may not be ideal to use in the development of low-cost POC devices.

Svynthetic Non-antibody Binders

Another option would be to utilize synthetic non-antibody binders as an alternative to
conventional antibodies. These binders can be discovered through biopanning. The concept of
biopanning involves screening and selecting a large pool of binders against the target antigen, in
this case, HbS. The IEP of HbS can be shifted by attaching a protein with a different IEP. After
binding, the protein-HbS complex will behave as a single unit under the electric field and migrate
based on the combined IEP of the complex. Therefore, when discovering these binders, it is
important not only to ensure high affinity and specificity to HbS, but also to consider whether the
binding can shift the overall IEP of HbS in the desired direction. Addition to that, we can also
engineer and fuse another protein onto the binder to further control the direction and magnitude of
IEP shifting. By exaggerating the IEP difference between HbA and HbS, we can gain larger and

faster spatial separation on the paper CFE platform.

The utilization of synthetic binders reduces both time and cost, and eliminates the need for
the labor-intensive monoclonal antibody production processes involving animals. The biopanning
process has also been greatly improved by using the phage-like particle (PLP)-based system
developed by Kline et al. in the Lutz Lab [71]. This platform enables shorter processing times and

simpler purification steps, making the technique more accessible. Compared to traditional phage
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display, the synthetic PLP-based display of the binders allows for a greater variety of proteins to
be presented, as it is not limited by self-replicating phage. It is also more cost-effective and easier
to manufacture. To express these PLPs with the binders, the binder sequences would be cloned
into a vector. A ligation-independent cloning method was used to speed up the cloning process.
The vector with a ligation-independent cloning site was developed by Enos Kline in the Lutz Lab,

where I assisted with experiments during its development.

5.3 In flow Reference: Engineering Reference Proteins as IEP Ladder

An attempt was made to manipulate IEPs through protein engineering, aiming to develop
an IEP ladder that could be integrated into the flow system. This ladder could serve as a reference
to indicate the IEPs of separated analytes. Since the pH gradient is invisible, incorporating
reference proteins with known IEPs would allow tracking of the pH profile. Because of potential
fluid flow bias in the system, such as uneven contact between absorbent pads and the testing paper
or slight tilting of the cassette, it is difficult to predict the exact positions where HbA and HbS will
migrate. By using reference proteins as an IEP ladder, the identity of separated analytes can be
determined based on their relative positions. This ladder can also serve as an intensity reference to

help estimate hemoglobin concentration for quantification.

Seven reference protein with IEP values of 6.81, 7.00, 7.10, 7.30, 7.39, 7.80, and 8.30 were
engineered by adding a tag on EGFP to shift its net I[EP (Figure 28). EGFP was chosen because it
is a fluorescent protein that can be seen by eye. By modifying EGFP to have different IEP values,
it can become a practical visual tool for confirming separation and providing reference points

within the system.
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Figure 28: The molecular structure of EGFP with a His tag for protein purification and an IEP
tag for isoelectric point shifting. (Molecular graphics and analyses were performed with UCSF
ChimeraX.)

The IEP tag was added to EGFP through site directed mutagenesis using an insertion
method. The tag sequence was inserted into the plasmid containing EGFP using exponential
amplification with Q5 Hot Start Enzyme, which amplified and linearized the plasmid [72] [73].
Then, the KLD enzyme mix, which contained kinase, ligase, and Dpnl, was used to phosphorylate,
ligate, and remove the original template, making the plasmid circular again. The modified EGFP

was then expressed using an E. coli system.

However, it was found that the green fluorescence of EGFP is difficult to see on white
paper, even under UV light. This makes it a less ideal option for visual markers in this system. The
IEP values of the modified proteins still need to be verified using traditional IEF methods, but the
lab currently lacks the materials and equipment for that. Future work could focus on verifying the
IEP values and improving the visibility of the reference proteins before fully integrating the ladder

into the paper CFE system.
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5.4 Electrode Material and Design Optimization

In early experiments using a common alligator clip as the electrode, colored streaks were
observed downstream of the positive electrode, as shown in Figure 29. This was likely caused by
corrosion or metal ions leaching when voltage was applied, which is an unwanted side effect. The
exact material of the alligator clip is unclear, as it was a shared item in the lab. However, the orange,
brown, and black streaks were suspected to be metal oxides such as iron (orange), or copper (green
or black) [74]. This issue was resolved by replacing the electrode with a platinum wire, which is
inert and resistant to oxidation and corrosion. This observation shows the importance of electrode
material selection in the system. Although platinum successfully prevented corrosion, it is
expensive and may limit the accessibility of this system for POC applications. Therefore,
identifying a cheaper but still inert electrode material is a desirable direction for future

development.

Figure 29: Colored streaks suggesting corrosion downstream of the alligator clip electrode.
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Another issue observed during testing was the overheating of the paper when applying 50
V with the electrode in direct contact with the paper. In some cases, visible smoke was produced,
indicating localized burning. This problem motivated the development of the tank cassette, which
separates the electrodes from the paper. However, to move forward with developing a POC device,

we aim to eliminate the need for the tank setup.

The smoking and burning issues are likely to result from multiple factors. One is localized
heating due to the small contact area between the clip electrode and the paper, which leads to high
current density at that point. In addition, regions with higher resistance, possibly due to drying or
bubble formation, convert more electrical energy into heat. Poor contact between the electrode and
the paper can also increase resistance at the connection point. This creates a cycle: poor contact or
localized contact lead to high current density and localized heating, the heating dries out the paper,
which further increases the resistance and cause more heating, eventually resulting in paper

smoking or burning. To address this issue, several desirable conditions were considered:

e Flatten and increase contact area: Ensure a broader, more even electrical connection to
prevent high current density and high resistance points.
e Ensure good electrical contact: To help reduce resistance.

e Maintain fluid near the electrode: To prevent drying.

One attempt to solve this involved adding an extra layer of the testing paper between the clip and
the paper (Figure 30). The rationale was to increase the liquid volume at the contact site to prevent
drying and burning. However, this approach was not successful, as smoking was still observed

when applying 50 V.
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of 691 between the
electrode clip

Figure 30: Image showing the additional layer of Grade 691 paper inserted between the electrode
clip and the testing paper.

Although the use of platinum wire and the tank cassette were effective in a lab setting, they
are not suitable for a final POC device due to their high cost and lack of portability. For the
development of a practical POC system, the electrode material and configuration must meet some
key requirements, such as being cost-effective and disposable. The electrodes should be
inexpensive, easy to manufacture, designed for single use, and embedded directly onto the testing
paper. Alternatively, if no sufficiently stable and low-cost disposable material is available, more
durable material can be embedded in a reusable cassette. Additionally, the geometry of the
electrodes should be considered. As discussed earlier, longer electrode contact with the separation
bed is desirable, not only to prevent localized heating but also to extend the time analytes spend

under the electric field, which can improve separation performance.

A proposed solution is to use carbon conductive ink as the electrodes. It can be printed
directly onto the paper and is chemically stable [75]. By printing the carbon ink along the edge of

the separation bed, a longer electrode contact area can be achieved. This approach is cost-effective
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and suitable for disposable POC applications. However, one potential concern is the conductivity

of the carbon ink, which may require further evaluation.

5.5 Upstream Sample Preparation

Currently, the system uses mimic samples of HbA and HbS prepared in PBS. To transition
toward practical use, upstream sample preparation from whole blood is required. The desired
characteristics of the sample preparation process include minimal processing steps, low cost, and

environmentally friendly.

A potential option for red blood cell lysis is the use of distilled water, which utilizes osmotic
pressure. When whole blood is diluted in a hypotonic environment, such as water, the lower
external salt concentration causes water to flow into the cells. This results in membrane rupture
and the release of hemoglobin. This method is simple, low-cost, and environmentally friendly.
However, a potential drawback is the required blood-to-water ratio for effective lysis. If over-
diluted, the visibility of hemoglobin variants on the paper CFE system may be reduced, thereby
limiting detection and interpretation. In HemoType SC, a 1:1000 dilution was used to lyse red
blood cells [18]. Future work may involve determining the minimal effective dilution ratio to

balance lysis efficiency and detection sensitivity.

Another commonly used method is lysis with ACK buffer, which is also effective for red
blood cell lysis. The typical volume ratio is 10:1 of 1x ACK buffer to whole blood [67]. This level
of dilution is comparable to that used in Chapter 4.5 for quantitative analysis, which is favorable.
However, one concern is that the salt in the ACK buffer may affect pH stability in the separation

process. This effect will need to be evaluated in future testing.
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5.6 Downstream Data analysis Method

To enable POC application, the result output must be easy to interpret by untrained
personnel. Therefore, developing a simple and automated data analysis method is important. Visual
detection through color separation is the most straightforward method. Also, with an intensity
analysis method, the platform has the potential to provide quantitative results. In cases where color
contrast is insufficient, illumination at 410 nm could be applied, where hemoglobin exhibits
stronger absorbance [32]. This is used in Gazelle Hb Varient system to improve detection of weak
signals. Future development may also involve integrating smartphone-based image capture and

automated interpretation algorithms to enhance accessibility and standardization.

5.7 Power Source Integration

Currently, the system operates using a benchtop power supply. For the POC device,
integration of a battery-powered setup is essential. Experimental results have demonstrated that
hemoglobin migration is achievable under 30-50 V, which is a voltage level that can be supplied
by a battery system. Based on the measured current on the developed platform and tested buffer
composition, the low salt condition usually has the current of 15 mA to 20 mA. These indicate a

promising direction for future integration, enabling a fully portable and low-power POC device.
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Appendix 1: Other Paper Geometries Explored
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Appendix1 Figure 1: Paper Geometry with Electrode Placed at different positions. (Notebook

Draft: Hand-drawn sketches of different paper geometries tested in early prototyping)

The effect of placing electrodes at different positions along the flow path was investigated. The
results support the conclusion that a single pair of electrodes is insufficient. As discussed in the
main chapter, a longer electrode connection is desirable to increase the duration under the electric

field and to reduce heating.

Appendix 1 Figure 2: Paper Geometry with three buffer inlet, 1 cm neck, and 5 cm long separation

bed. (Notebook Draft: Hand-drawn sketches of paper geometry)
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Appendix 1 Figure 3: Paper Geometries for single buffer system and three inlet discontinuous
buffer system. The neck was extended from 1 cm to 2 cm to increase time under field, and the
separation bed length was decreased from 5 cm to 3 cm. The right-most geometry is for clip
electrode, while the left one and the middle one is for tank cassette setup (Notebook Draft: Hand-

drawn sketches of paper geometry)

Appendix 1 Figure 4: A picture of the setup drawn in Appendixl Figure3 (middle), with the

electrode curtain attached.

An attempt was made to use a paper geometry with a longer neck to increase the analytes’ exposure
time under a stronger electric field. However, due to unresolved issues with adhesion to the paper,

no flow or separation was achieved.
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Appendix 1 Figure 5: Paper geometries exploring the use of the same material as both the testing

paper and the electrode curtain. (Notebook Draft: Hand-drawn sketches of paper geometry)

Appendix 1 Figure 6: A picture of the flow test with color dye on the geometry shown in Appendix

1 Figure).

This flow test indicates that, to minimize flow from the curtain, which is compressing the running
buffer flow in between the curtain, a material with a slower flow rate than the testing paper is

preferred.
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Appendix 1 Figure 7: Paper geometries explored to address hydrolysis issues introduced by the
electrodes, with slight variations in the position of the bridge connecting to the separation bed.

(Notebook Draft: Hand-drawn sketches of paper geometry)

i 1

Appendix 1 Figure 8: A picture of the flow test with color dye on the geometry shown in Appendix

1 Figure7. (No voltage was applied)

A separate flow channel for the electrodes was introduced in hopes that the pH-altered buffer,
resulting from hydrolysis at the electrodes, could be flushed away in that channel and would not

affect the pH in the separation bed. However, the results showed that this strategy did not work.
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Appendix 2: Python Code for Intensity Quantification Analysis
[Code generated with assistance from OpenAl's ChatGPT]

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

import glob

import os

from scipy.integrate import trapz

from scipy.signal import find_peaks, peak widths
from sklearn.linear model import LinearRegression
from sklearn.metrics import r2_score

from scipy.stats import f oneway

# path to CSV folder
folder path = r"(insert folder path)"

csv_files = sorted(glob.glob(os.path.join(folder path, "*.csv")))

# Create a list to store AUCs

all auc =[]

for file in csv_files:
data = pd.read_csv(file, header=None, skiprows=1)
x = data[0].astype(float).to_numpy()
y = data[1].astype(float).to_numpy()

peaks, = find peaks(y, height=2.5, distance=50)
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widths = peak widths(y, peaks, rel height=0.8)

filename = os.path.basename(file)
plt.figure(figsize=(8, 5))

plt.title(f" {filename.replace('.csv', ")}")
plt.plot(x, y, label=' Profile', linewidth=1.8)

plt.plot(x[peaks], y[peaks], 'x', color='orange', label="Peaks")

for i in range(len(peaks)):
left = int(widths[2][1])
right = int(widths[3][1])
auc = trapz(y[left:right+1], x[left:right+1])
all auc.append(auc)

plt.axvspan(x[left], x[right], color="#FFCC99', alpha=0.5, label='AUC' if i == 0 else "")

plt.xlabel("Distance (mm)")
plt.ylabel("Inverted Gray Value")
plt.grid(True)

plt.legend()

plt.tight layout()

plt.show()

print("Total number of AUCs read:", len(all auc))

# Reshape AUCs to [concentration x replicates], 4 concentrations with 4 replicates each

peak aucs_array = np.array(all auc).reshape(4, 4).T

print(peak aucs_array)
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# Means and standard deviations
auc_means = np.mean(peak aucs_array, axis=1)

auc_stds = np.std(peak aucs array, axis=1)

#Define concentrations (must match order of reshaped AUC matrix)
concentrations = np.array([15, 7.5, 3, 1.5]) # g/L
X = concentrations.reshape(-1, 1)

y = auc_means

# Linear regression

model = LinearRegression()
model.fit(X, y)

y_pred = model.predict(X)
slope = model.coef [0]
intercept = model.intercept

12 =12_score(y, y_pred)

print(f'Regression equation: AUC = {slope:.2f} x Concentration + {intercept:.2f}")

print(f'R? = {r2:.4f}")

# Plot calibration curve with error bars

plt.errorbar(concentrations, auc_means, yerr=auc_stds, fmt='0', capsize=5, label='Mean + SD')
plt.plot(concentrations, y_pred, 'r--', label=f'R? = {r2:.3f}")

plt.xlabel("Concentration (g/L)")

plt.ylabel("AUC (Integrated Gray Value)")
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plt.title("Calibration Curve (n=4)")
plt.grid(True)

plt.legend()

plt.tight_layout()

plt.show()

# One-way ANOVA

concl =peak aucs_array [0, :]
conc2 = peak aucs array [1, :]
conc3 = peak aucs array [2, :]

conc4 = peak aucs array [3, :]

F statistic, p_value = f oneway(concl, conc2, conc3, conc4)
print("ANOVA result:")

print("F =", F_statistic)

_n

print("p =", p_value)
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