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Point-of-care diagnostics have enabled clinical testing in areas previously considered
challenging, specifically for underserved populations and in low resource settings. Lateral flow
tests, such as the ubiquitous pregnancy test, have proven relatively successful in their
implementation due to their low cost and ease of use; however their application has been
limited to a select group of targets and types of assays. There is a need for novel molecular
recognition elements that address some of the key limitations of antibody use in lateral flow
assays. The following dissertation describes the development of lateral flow assays using novel
molecular recognition elements, computationally designed proteins. We describe the first
lateral flow assays using computationally designed binders, targeting the head and stem region

of the influenza glycoprotein, hemagglutinin (HA). The best performing of these assays, using



a head region specific HA binder, was integrated into a two-dimensional paper network that
integrated enzymatic amplification. Not only did this device sensitively detect native influenza
virus from a spiked patient sample, the computationally designed binders proved highly
thermostable when integrated into a paper network. Lastly, we used our knowledge of lateral
flow assays to use modular design to develop an Ebola glycoprotein (GP) assay using an Ebola
specific computationally designed binder. While we began by investigating the use of a
nitrocellulose binding protein to anchor our Ebola binder, we found that the use of a
streptavidin test line with biotinylated binder led to the best performance for detection of Ebola
GP. All together, this work introduces computationally designed affinity proteins as an
antibody alternative for lateral flow assay development. Future work developing modular
protein assembly for lateral flow assays will enable more rapid development of this novel low

cost diagnostic platform for a wider range of applications than previously possible.
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Chapter 1. INTRODUCTION

1.1  SIGNIFICANCE OF PROBLEM

Point of care diagnostics have the potential to improve accessibility to medical testing by
bringing the capabilities of medical laboratory directly to the patient. One class of diagnostic, the
lateral flow assay (LFA), is of particular interest due to its lost cost, ease of use, and limited need
for electricity or additional machinery [1], [2]. LFAs have been developed for applications
ranging from detection of pregnancy, infectious disease, and environmental pathogens [3].
Traditionally, LFAs use antibodies on the test line and in the conjugate pad to enable capture and
labeling of the analyte of interest. However, the use of antibodies in LFAs limit their potential
application to diagnostic applications for three primary reasons; (1) they are labor intensive and
expensive to manufacture, (2) they require an immunogenic and nontoxic antigen and (3) they
are lacking in thermostability. While there has been a surge in the number of alternative
molecular recognition elements, such as aptamers, antibody variable fragments and nanobodies,
their application to LFAs has remained relatively limited. To our knowledge, there is not a
commercially available lateral flow assay that uses an alternative molecular recognition element

to date.
1.2 PROPOSED SOLUTION

Our group has worked to address the aforementioned problems by replacing the
antibodies with computationally designed proteins in LFAs. In collaboration with the Baker lab
from the University of Washington, we aim to increase the capabilities of LFAs through the use
of these unique proteins. Designed for optimal kinetics, these computationally designed proteins
are both significantly less expensive and more thermostable than antibodies. In addition, we have
significantly more control over specific properties of these proteins. These properties include, but
are not limited to, isoelectric point, number, type and location of conjugation sites, and
oligomerization to closely mimic biological binding sites. We believe that computationally
designed proteins are ideal molecular recognition elements for integration into an LFA due to

their low manufacturing cost, high thermostability, and customizability.
1



In order to demonstrate the utility of computationally designed proteins, this work
follows the first application of these proteins to the influenza glycoprotein, hemagglutinin. With
the demonstration of these proteins for the detection of both recombinant and native
hemagglutinin, we then moved to integrate them into prototype device for the detection of flu
from nasal swab samples. With a novel fluidic system, these proteins were shown to be stable on
device and enable detection from spiked clinical samples. With these successes, we wanted to
take a step backwards and develop a method to more readily integrate new computationally
designed proteins into lateral flow assays without the need for significant assay development and
optimization. Using these methods, we were able to develop a new set of LFAs for the detection
of a viral glycoprotein for the Ebola virus. We believe the lessons learned from this work inform
the development of LFAs for computationally designed proteins and beyond, with the ultimate

goal of enabling more rapid response in viral disease outbreaks.



1.3 SUMMARY OF DISSERTATION

This dissertation focuses on the integration of this new class of affinity reagents,
computationally designed affinity proteins, into lateral flow assays. This work is divided into
three specific aims, listed on the next page. Ultimately, this dissertation aims to demonstrate the
use of computationally designed affinity proteins to expand the capabilities of lateral flow assays

and to improve the lateral flow assay development process.

Aim 1. Assays for the detection of the influenza virus using computationally designed proteins
In this aim we describe the development of assays for the detection of the influenza
hemagglutinin protein using computationally designed affinity proteins. Of the assays developed,
two are of particular note; (1) the most sensitive colorimetric LFA for hemagglutinin and (2)
detection of the native hemagglutinin from the intact influenza virus. This is the first

demonstration of the use of these proteins in the context of a lateral flow assay.

Aim 2. An integrated 2DPN for sensitive detection of the influenza hemagglutinin

The second aim in this document describes the development of a prototype device for the
automation of the hemagglutinin assay. This assay uses an enzymatic amplification assay that
requires the sequential delivery of multiple fluidic steps; therefore, the development of a paper
network that led to optimal assay performance was of utmost importance. The prototype device

used a novel paper network for the successful detection of virus from spiked nasal swab samples.

Aim 3. Modular design of assay stacks using computationally designed proteins

The final aim of this work builds upon our experience developing assays using computationally
designed affinity proteins through the development of modular assay components. The modular
assay components described in this work include nitrocellulose-binding proteins, a conjugation
system that had not previously been demonstrated in nitrocellulose using SpyCatcher and
SpyTag, and the application of these two components to build an assay for the detection of the

Ebola glycoprotein.



Chapter 2. BACKGROUND

Parts of this section were modified from a chapter from Methods in Enzymology written together

with Kamal Shah and Dr. Paul Yager [4].
2.1  POINT OF CARE DIAGNOSTICS

2.1.1 Need for diagnosis at the point of care

Of the 30 leading causes of death worldwide between 2005 and 2015, eight are directly
related to an infectious disease pathogen, Figure 2.1 [5]. While the overall global burden of
disease due to infectious diseases has decreased in the last 10 years, there remains a huge need
for technology for the diagnoses and treatment of these diseases. The recent Ebola and Zika
epidemics have highlighted how large scale, rapid testing is important for public health and
patient outcomes. These epidemics also served to identify some of the gaps that exist in current
diagnostic testing methods [6]. Chronic and pandemic infectious diseases suffer from similar
gaps, where the existing diagnostic infrastructure is inadequate or ineffective in influencing
clinical outcomes. The influenza virus, for example, is responsible for between 9 and 35 million
infections in the United States annually, however the existing rapid diagnostic tests continue to
perform poorly in the clinical setting [7], [8].

There is a specific need for low cost diagnostics able to diagnose disease at the point of
care (POC), for both under-served populations in the United States and low resource settings
around the world [9]. POC diagnostics are often marketed for use in the developing world, with
the additional challenges of needing to be extremely low cost, require no additional machinery,
and the ability to be implemented in areas where there is limited public health infrastructure and
challenging transportation and storage conditions [10]. The WHO has specified that a diagnostic
for the developing world fit the ASSURED criteria, which suggest that it is affordable, sensitive,
specific, user friendly, rapid and robust, equipment free, and deliverable to the end user [11].
These criteria are not exclusive to developing world settings, as they pertain to many
applications for the United States and Europe. Accurate diagnosis is a critical step in both
prevention and treatment of disease, as diagnosis at the POC has the potential to streamline

healthcare and improve clinical outcomes [12]. POC testing enables immediate results in non-



laboratory settings, which can translate to the development of healthcare delivery approaches
that much more patient specific [9].
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Figure 2.1. 30 leading causes of death worldwide between 2005 and 2015.
Includes changes due to population ageing, growth, age and cause-specific mortality. Source:
[5].

The improvement in patient outcomes promised by POC testing is limited by the ability
of a new diagnostic device or laboratory technique to be implemented. For this reason, context is
an important factor to consider throughout the device development process. While various
classifications have been developed to identify different use cases, one interesting classification
decouples budget and infrastructure as a way to categorize four distinct use cases [6]. As shown
in Figure 2.2, the four use cases would require very different design considerations. For
example, Use Case 1 requires both health infrastructure and moderate budget, and therefore
would not require specific design considerations that limit the use of electricity and trained
personnel. Use Case 4, on the other hand, requires use in the field under a limited budget, as

would be required in many home testing and low resources settings. In this case, a successful



device would likely be low cost, easy to use by an untrained user, and is more likely to be

equipment free.
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Figure 2.2. Graphical representation of use cases for diagnostics at the point of care.

Use cases are broken down based on infrastructure and budget constraints (A). More detailed

descriptions of the specifics of these use cases is also shown (B). Source: [6]

2.1.2 Current point of care diagnostics

The market for POC diagnostic testing was estimated to be $16 billion (USD) in 2016,
and is anticipated to grow to $36 billion by 2021 [13]. As the market continues to grow, there has
been a push for diagnostics that enable the prevention of disease, early disease detection, and
management of chronic conditions [9]. The POC testing market was pioneered by the pregnancy
test and the glucometer, both of which are used in the home by the end user for their respective
purposes. However, the need for more diverse assays has led to a focus on microfluidic
approaches, which are ideal due to their low volumes, ease of integration, and ability to create
fully automated systems [14].

The most readily available commercial microfluidic approaches involve instrumented
systems, where the microfluidic portion of the device is maintained with a chip or card, which is
placed into a larger instrument that handles the fluidic handling and detection. The Cepheid
GeneXpert is an example of a POC system that has been successfully implemented in a number

of diagnostic settings. The GeneXpert is a sample in, result out system that uses a combination of



macro and microfluidics for nucleic acid detection [15]. Originally built to target Mycobacterium
tuberculosis, this system has since been expanded to diagnose other infectious pathogens
including enterovirus, methicillin-resistant Staphylococcus aureus (MRSA), Clostridium
difficile, influenza virus, and chlamydia [16]-[19]. The GeneXpert machine itself costs
approximately $17,000 (USD), not including hidden delivery and installation costs, with a cost
per cartridge of approximately $17 depending on the presence of governmental and non-
governmental subsidies [20]. The Quanterix developed Simoa analyzer is an example of a
microfluidic system that is used for ultrasensitive protein detection, with a range of assays for
clinical and research applications [21]. While this platform is the most sensitive protein assay on
the market, the expense and overall instrument footprint limit accessibility for many potential
applications. The Alere triage and Abbot iISTAT are two POC systems on the market that were
designed to enable protein detection at the POC on a much smaller size scale, both of which have
assays for a range of non-communicable diseases such as heart failure and endocrinology [22]—
[24]. These instrumented systems are not without their drawbacks, as there is the additional need
for temperature control and moderately trained personnel to complete the sample preparation
required to run these laboratory tests [6]. Additionally, the cost and reliance on electricity make

these systems inappropriate for certain use cases.

Figure 2.3. Examples of commercially available instrumented systems.

Most of these systems use cartridges for the detection of pathogens or other clinical biomarkers,
and include the Cepheid GeneXpert (A), Quanterix Simoa (B), Alere Triage (C), and Abbott
iISTAT (D). Sources: (http://www.microbeonline.com, http://www.quanterix.com,

http://www.ultralabealtd.co.ke/triage-product.php#, and http://www.pointofcare.abbott)




Lateral flow assays (LFAs) are an example of an inexpensive diagnostic technology that
has been highly successful in its implementation in a variety of point of care settings. This
success can be attributed to their low cost, portability, and ease of use [2]. The pregnancy test is
an example of an LFA that is commonly used and commercially available, with other
applications ranging from diagnosing disease in humans to environmental heavy metal testing
[3]. In the US, lateral flow assays are often used for clinical diagnosis, most commonly
pregnancy, influenza, and streptococcus, while they are used primarily to diagnose infectious
diseases such as human immunodeficiency virus (HIV) and malaria in low resource settings [10].
However, one of the major limitations of lateral flow assays is the complexity of assay that can

be integrated into the simple, one-dimensional architecture.

2.2 PAPER MICROFLUIDIC APPROACHES TO POC TESTING

Various microfluidic approaches have been used to integrate complex assay steps into a
simple, easy to use package. However, many of these approaches require additional machinery
and expensive manufacturing techniques. Paper microfluidics, alternatively, build on the success
of lateral flow immunoassays to enable the development of more complex diagnostic systems
that can be easily implemented at the point of care. Paper is considered to be an ideal substrate to
be used for the development of POC diagnostic devices due to its low cost, ability to move fluid
passively through wicking, and demonstrated compatibility with a variety of analytical chemistry

techniques [25].

2.2.1 Paper-based microfluidics

LFAs are one of the simplest paper-based devices, consisting of strips of nitrocellulose

that wick fluid based on capillary flow without the need for pumps or additional machinery [26].
A sample pad is usually present at the “input” end, which is often a glass fiber pad onto which a
sample is added. The sample then elutes into a conjugate pad, which is typically also a glass fiber
material, in which reagents for the assay are stored in dry form and are rehydrated by application
of a sample to the sample pad, Figure 2.4. A wicking or collection pad, often made of cellulose,
is typically present at the opposite end to draw fluids through the rest of the device. A typical
lateral flow assay has a test line and a control line orthogonal to the flow direction, both of which

are zones in which capture agents have been deposited on the membrane. Presence of the target



analyte and adequate fluid delivery, along with rehydration of assay chemistry, is indicated by a
change in color at the test and control lines, respectively. Pregnancy tests, which detect human
chorionic gonadotropin, are examples of lateral flow assays commonly used for protein detection
at the point of care [27], [28].

Key benefits derived from the porous nature of the membranes used in paper-based
diagnostics, as compared to traditional microfluidic devices, include improved analytical
performance, reduced cost, and electricity-free usage. This contrasts with traditional microfluidic
devices that often require electronic pumps and costly fabrication. Paper-based diagnostics
eliminate the need for complex machinery, pumps, and other electrical equipment by
manipulating fluids with capillary forces through the pores of the paper membrane [25]. In
addition, the porous nature of paper provides a large surface area over which protein adsorption
and capture can take place [29]. Since the surface area-to-volume ratio (typically 50-200 times
greater than that of the bulk material) is inversely related to the pore size of the paper substrate,
assay performance may be optimized by simply tuning the physical properties of the paper
substrate [25], [29], [30].

Sample pad Conjugate pad Test line Control line Wicking pad
(plasma separation) ‘

=7

Nitrocellulose membrane

Figure 2.4. Drawing of a traditional lateral flow assay (LFA).
Includes the sample pad, conjugate pad where reagents are stored, nitrocellulose test strip with

assay and control lines, and the wicking pad, typically made of cellulose.

Despite the commercial success of the urine-based pregnancy test, many other
applications require more complex assays with additional reagent steps. Platforms such as the
two-dimensional paper network (2DPN) format or microfluidic paper-based analytical device
(LPAD) format enable the design of these more complex assays through selective or sequential
delivery of reagents or fluids [25], [31], [32]. First published in 2010, the pPAD relies on

patterning of a porous material like Whatman 1 with hydrophobic barriers, though other



fabrication techniques including photolithography, plasma etching, and laser cutting have been
used. The pPAD traditionally consists of a sample application site, with legs that branch off to
run different tests simultaneously, Figure 2.5. This technology has been used for a variety of
applications, ranging from protein based clinical diagnoses to foodborne pathogens and nucleic

acid detection [33], [34].
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Figure 2.5. Paper microfluidic approaches for the integration of more complex assays.

While a number of strategies have been developed, the most widespread approaches are the
uPAD, which uses three-dimensional flow to carry out multi-step flow-through assays (A) and
the 2DPN, which enables the sequential delivery of reagents using lateral flow (B). Sources:
[25], [39].

The 2DPN provides an alternative approach to the integration of more complex assays
into the paper microfluidic format. By using geometric variations, this format enables the

development of paper microfluidics devices that integrate multi-step assays without increasing
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the number of user steps from the LFA [35]. The traditional 2DPN uses subsequent legs to
deliver reagents in a particular order across a test region Figure 2.5. The addition of bridges and
valves has enabled the integration of timing components, controlling not only the order but also
the exact time of delivery [36]. Variations of the 2DPN have been used for the development of
assays for the detection of malaria and influenza proteins, and nucleic acids from streptococcus

from samples including nasal swabs, blood and urine [37], [38].

2.2.2  Paper Microfluidics - Materials and manufacturing

There are a handful of materials that are commonly used for the development of paper
microfluidics that have varying physical and chemical properties. Shown in Figure 2.6, these
materials include, but are not limited to nitrocellulose, glass fiber, and cellulose. Nitrocellulose is
a material most commonly used in lateral flow assays, as well as other molecular biology
applications, due to the ability to easily adsorb proteins and create uniform and easily visualized
test lines. Nitrocellulose is a polymer derived from cellulose, which is manufactured by either
substituting the hydroxyl groups on each sugar unit with nitrate groups through treatment with
nitric acid or by a process known as phase inversion [40], [41]. Phase inversion is the method
used to manufacture most commercially available nitrocellulose membranes. In this method,
porosity and pore size of the material can be controlled easily by adjusting the amount of non-
solvent used, as well as other variables such as the temperature, evaporation speed, and humidity
[40].

Glass fiber, which can be manufactured with or without binders to keep the material
together, is often used to store reagents, as the larger pores can be easily blocked, filled with
protein solutions, and lyophilized [42]. Due to the larger pore size, glass fiber materials also have
the tendency to wick fluid more rapidly, helping to speed up reagent delivery. Cellulose is the
material most commonly used as a wick, to pull fluid from all other membrane types, as the
pores in cellulose are much smaller and therefore have a much higher capillary pressure. While
these are the most commonly used materials, a range of other materials with other properties
have been tested in paper microfluidic systems, such as polyethersulfone and Fusion 5 [43], [44].
Various combinations of the materials presented above can be used to create paper microfluidic

systems to deliver assay reagents to a test line.
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Fusion §

Figure 2.6. Scanning electron microscopy (SEM) images of LFA materials.
The membranes commonly used in lateral flow assay development include nitrocellulose (left),
glass fiber (middle) and fusion 5 (right). Scale bars are shown on each individual image. Images

taken by Dr. Joshua Buser (nitrocellulose and glass fiber) and Dr. Nerea Alayo (fusion 5).

Manufacturing of 2DPN and puPAD devices have been demonstrated using a variety of
techniques, and can be divided into the following categories: patterning, reagent deposition, and
flow control [25], [45]-[48]. Various manufacturing processes are used to fabricate the devices
and control the movement of fluid through the device, which include photolithography, plotting,
inject etching, plasma etching, laser cutting, and wax printing [25]. Reagent deposition into
porous materials is typically done using patterning, inkjet printing, or striping techniques.
Control of fluidic flow through these materials has been demonstrated using a combination of
valves, wax deposition, and layering of materials with varying capillary pressures. These
strategies can be combined with 3D printing, casting, or molding for the fabrication of device
housing. While traditional lateral flow assays use visual readout for colorimetric change at the
test line, the introduction of more quantitative assays and fluorescent detection techniques has

lead to the development of quantitative readers and cell phones with filter sets.
2.2.3  Flow in porous networks

There have been a few models developed to described flow in porous networks, each of
which has its benefits and drawbacks. Specific to lateral flow, the equations that are the most
applicable include Lucas-Washburn equation, Darcy’s law, and the Richards equation.
Beginning with the Lucas-Washburn equation, is an equation designed to describe flow through

porous matrices that assumes the material acts like a bundle of capillary tubes [49]. This equation
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primarily applies to the “wet out”, which is the time where a membrane is encountering liquid
for the first time. Described in Equation 2.1, the Lucas-Washburn equation predicts that flow

velocity decreases with time, which is consistent with experimental observations [50].

kycos6
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Where k, is the permeability of the material, 0 is the contact angle of the liquid with the material,
vy 1s surface tension, p is the viscosity of the fluid, t is time, and r,, is the mean pore radius. The
assumptions made using the Lucas-Washburn equation are that flow is occurring (1) in a single
pore radius (2) as one dimensional flow (3) in a single material (4) with a fully saturating fluid
front and (5) no evaporation. However, Lucas-Washburn is unable to predict flow in systems that
have multiple materials, partial saturation, or have 2 or 3-dimensional flow. Therefore, the
prediction of flow using this equation is not applicable to systems like the uPAD and 2DPN.
Alternatively, Darcy’s law is commonly used to model flow in porous matrices, and is capable of

modeling flow in two dimensions [51]. Darcy’s law is described in Equation 2.2 below.

_ —KA(pb - Pa)
uL (2.2)

Where « is the permeability of the material, A is the cross-sectional area, P is the pressure, L is
the viscosity of the fluid and L is the length being measured. Darcy’s law can be used for
modeling “quasi” steady state flow, however there are a number of assumptions that are made
with Darcy’s lab that make it difficult to apply to model flow in porous matrices. The two
assumptions that do not hold true are (1) that we have a fully saturating fluid front, and (2) that
there is no evaporation. For these reasons, the Richard’s equation is believed more appropriate
for modeling flow in porous matrices [52]. The Richards equation incorporates partial saturation,

as shown in Equation 2.3.
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Where 0 is the volumetric water content, H is the hydraulic pressure head, z is distance and t is
time. Work in our lab has demonstrated that the Richards model can be used for the modeling of
fluid flow in these more complex systems with multiple materials [53]. In addition to modeling,
understanding of the way partial saturation influences flow in porous matrices has enabled for
the development of novel 2DPN device geometries. By using materials with different pore sizes,
it is possible to control fluid flow within these devices. First demonstrated for the purification
and concentration of DNA from urine, this fluidic tool opens the door for the integration of more

complex geometries and laboratory assays [53], [54].

2.3  MOLECULAR RECOGNITION ELEMENTS

The analytical sensitivity of a lateral flow assay is first and foremost limited by the
affinity of the binding elements for the target analyte [55]. As mentioned in the previous section,
the sensitivity and specificity of protein—ligand binding is driven by the binding kinetics of the
interaction. A sandwich assay requires a minimum of two specific binding events: capture of the
analyte onto a solid surface by an immobilized ligand and detection of the analyte with a label
conjugated to a second ligand. Capture and detection of an analyte can be through an antibody, a
designed affinity protein, or an aptamer, among others. While traditional lateral flow assays
utilize antibodies as the capture and detection elements of a sandwich immunoassay, antibodies
cannot be applied to all diagnostic targets. In porous media, there are additional considerations
during assay design regarding the strength of immobilization and ability to flow through a porous
network for capture and detection. In this section, we will present mechanisms for sensitive,
specific analyte binding, including recent work demonstrating the use of designed proteins and

nucleic acids as binding elements for protein detection.
2.3.1 Antibodies

Antibodies are the most commonly used binding element for lateral flow immunoassays,
building from their use in immunoblotting. As the workhorse of the adaptive immune system,
antibodies are developed by a host to bind specifically to an antigen and direct the downstream
immune response [56]. Antibodies can be raised in live animals, bacterial or eukaryotic cells,
after which they are commonly purified by affinity chromatography [57]. Polyclonal antibodies

are generated by the total antibody response for a given analyte, while monoclonal antibodies are
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specific to one epitope of interest. Monoclonal and polyclonal antibodies can have different
diagnostic applications due to their differences in specificity and production; therefore, their use
depends on the assay and the analyte of interest. In both cases, each binding arm (F,,) of an
antibody serves as an epitope for binding, while the F, region of the antibody has biological
effector functions that can also be utilized. Integration of antibodies into lateral flow assays is
facilitated by the fact that most antibodies adsorb robustly to nitrocellulose, such as in Western
blotting applications [58], [59].

However, antibodies are limited in their diagnostic applications by a variety of factors.
The most prominent of these factors is that production of antibodies is typically both labor
intensive and expensive [57]. Challenges include a lack of stability under extreme pH and
temperature, batch-to-batch variability, limited control over functional sites, and the inability to
target nonimmunogenic or toxic analytes [60]-[62]. A number of these limitations have been
addressed through the production of antibody fragments that contain just the single chain or
multivalent fragments [63]. These antibody fragments can be grown in bacteria, and therefore are
much less expensive to manufacture and have greater specificity control. However, this only
applies to targets for which antibodies can be produced in the first place, and not all antibodies
can be broken down into smaller pieces and remain stable. Nanobodies, which are recombinant,
antigen-specific, single-domain variable fragments produced in camelids, provide an alternative
approach due to their size and stability, however their use as molecular recognition elements in

lateral flow assays has been somewhat limited [64].

2.3.2  Aptamers

One class of binding molecules that has been utilized in place of antibodies is aptamers.
Aptamers are oligonucleotides (DNA or RNA) that can fold into well-defined secondary,
tertiary, and quaternary structures [65]. They are easily amplified by polymerase chain reaction
(PCR), which can be done in a variety of conditions that are not restricted physiologically [65],
[66]. Manufacturing of aptamers that bind to a particular target is accomplished through a
process known as systematic evolution of ligands by exponential enrichment (SELEX). SELEX
screens large combinatorial libraries of oligonucleotides; they are then further refined using

iterations of in vitro selection and amplification [67], [68]. Higher affinity can be selected
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through additional rounds of enrichment. This process is similar to the production of proteins

through the evolutionary design process.
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Figure 2.7. Drawing of assay stacks using different molecular recognition elements.

In this case, for the capture and detection of recombinant hemagglutinin (HA). In all three cases,
the capture and detection elements were raised or designed to target different epitopes of the HA
protein. (A) Antibody detection of recombinant hemagglutinin (B) Aptamer capture and

detection (C) Affinity protein detection. Note that the molecular components are not to scale.

Aptamers retain many of the benefits of designed affinity proteins, which include ease of
production, low cost, and improved stability. They can be produced to bind any target, even ones
that are non-immunogenic or toxic. Because aptamers are nucleic acids, they have the ability to
return to their tertiary structure after being unfolded by heat or pH [69]. This property is
beneficial in the context of point-of-care diagnostics that need to have a long shelf life under
variable temperature and humidity. Aptamers, like affinity proteins, can be designed with a
single reactive group for site-specific conjugation to facilitate assay development [65]. To this
day, aptamers have not been successfully demonstrated for as wide a range of targets as
antibodies. This is in part because polynucleotides do not possess the full range of chemical

moieties as are presented by amino acid side chains.

16



233 Designed affinity proteins

Affinity proteins are a class of proteins that have been utilized for the development of
assays for the detection of target analytes. These proteins are expressed recombinantly in
bacterial cells, enabling production that is both much simpler and lower cost than for monoclonal
antibodies. In the case of lateral flow assay development, antibodies cost, on average, $0.01USD
per test, whereas recombinant affinity proteins cost approximately $0.0006USD per test. One
approach to develop proteins that bind to a target of interest is computational (de novo) design, in
which the tertiary structure of a protein is predicted based on primary amino acid sequence [70].
This design concept, also known as rational molecular design, utilizes molecular approximations
that generally require further affinity maturation that enables improvement in binding affinity.
Another mechanism for the development of binding proteins is phage display, which is instead
based on evolutionary molecular design [71], [72]. Phage display typically utilizes a randomized
library that is made through any of a variety of mutation techniques to create protein variants that
bind to the target of interest and is expressed on the exterior of the phage; tight binders are
identified by a simple filtration, and the binding protein(s) are then amplified from the nucleic
acid encoding it in the phage itself. Affinity maturation is also used with phage display to
develop proteins with successively higher affinities.

One of the advantages of affinity proteins is that they can be designed to bind a specific
epitope on a target protein, providing more control in the development of a sandwich assay. As
these proteins are expressed in bacteria, they can be produced rapidly and inexpensively.
Designed proteins can also be expressed with additional functionalities, such as a functional
group for conjugation to a fluorescent label or a paper-binding protein [73]. Despite these
benefits, proteins generated using de novo design require the existence of a high-resolution
structure for the analyte of interest. As these crystal structures do not account for movement, and
may represent a minority structure present in solution, predictions of proteins that will bind to a
specific epitope can be incorrect. Additionally, there are often some conformations of an analyte
for which protein prediction is additionally difficult. One example of this is the hemagglutinin
(HA) protein on the influenza virus. In the California/09 strain of HIN1, there is a mutation in
the sialic acid binding pocket, which makes it difficult to design a protein that can effectively
bind in that pocket. While evolutionary design more closely replicates the mutations that take

place in antibody production in vivo, it is limited in the degree of mutation that can be made to a
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single protein without significantly altering the overall structure, function, and stability of the
protein [74]. In the case of both rational and evolutionary design, the developed proteins can be
evolved to have specific desired properties, such as stability under specific or varying pH or

temperature conditions [75], [76].

2.4  CRITICAL FUNCTIONS OF MOLECULAR RECOGNITION ELEMENTS FOR LFAS

There are two functions required of a molecular recognition element to enable successful
integration into a lateral flow assay; that it can be immobilized in the porous matrix, and then
subsequently bind the analyte of interest. Antibodies, which are traditionally used in LFAs, are
fairly straightforward to immobilize and capable of analyte binding after immobilization. With
the introduction of new molecular recognition elements, it is crucial that they can be effectively
immobilized in a manner than they can subsequently bind the target analyte. The following
sections will describe immobilization and analyte capture in more detail within the context of

lateral flow assay design and development.
2.4.1 Immobilization onto porous matrices

A critical requirement for the capture molecule in a lateral flow assay is that it is
effectively immobilized onto the porous membrane. Classification of immobilization techniques
can be binned into three larger categories; physical methods such as those that rely on
electrostatic interactions or size, biological or biochemical methods that rely on a binding event
to prepare the surface, and chemical methods such as covalent attachment and crosslinking,
Figure 2.8 [77]. Immobilization strategies can be compared based on their difficulty of the
technique, overall capacity of the membrane for the protein of interest, stability of the
immobilized protein over time, availability of the protein to bind a target analyte, and cost.

Physical methods for immobilization rely primarily on physical forces to stick a capture
entity to the surface. Direct adsorption is the easiest and most commonly used physical method
for immobilization in a porous matrix [58]. It has been proposed that protein adsorption to
nitrocellulose is influenced primarily by electrostatic interactions, hydrogen bonding, and the
hydrophobic effect [78]. Advantages of this technique are that it is fairly easy and can be stable
over long periods of time, while limiting the need for specialized machinery, chemical

modifications, or washing steps. Major limitations of using adsorption for immobilization is that
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it is not orientation specific and does not work for all capture molecules. An alternative physical
method for immobilization is entanglement, which relies on the size of the pores within a
membrane to physically confine a larger entity. Entanglement has been used to create test lines in
Fusion 5 by trapping beads within the porous material that can be functionalized with a range of
capture molecules [44]. While entanglement is fairly easy to implement and inexpensive, this
technique is a weak and non-permanent interaction with the potential for strong washing to

remove the trapped entity and thereby reduce the number of biomolecules available for binding
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Figure 2.8. Drawing of different strategies for protein immobilization in nitrocellulose.

This is specifically focused on methods that have been demonstrated in the literature. While
there are many effective strategies, direct adsorption is commonly used, along with anchor-based
immobilization, chemical crosslinking, and direct covalent attachment. Note that the molecular

components are not to scale.

Biological and biochemical methods for immobilization require binding of the capture
molecule to the physical support, which is nitrocellulose in most lateral flow assays. Also known
as anchor based immobilization, this technique addresses the challenges faced by traditional
adsorption by separating the capture molecule from the portion that adsorbs to nitrocellulose.
One example of this technique for immobilization in the LFA context involves the use of
streptavidin adsorbed at the test line, with a biotinylated capture molecule that flows across the
test line and binds to the streptavidin immobilized there [58]. This method has proved optimal
for other capture systems because it is strong, specific, reversible, and can be orientation specific

for the capture molecule [77].
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Chemical methods for immobilization require chemical modification of either the support
material or capture molecule. Direct covalent attachment is a method commonly used for site
directed immobilization in an irreversible, highly reproducible fashion. This has the potential to
generate the most optimal binding surfaces for an analyte of interest, however these techniques
are not without their drawbacks. The majority of chemical methods demonstrated for
immobilization of biomolecules to porous materials are labor intensive, require harsh solvents, or
other hazardous materials. Additionally, the treatment that is used to perform the covalent
coupling can lead to the modification or alteration of the structure or bioactivity of the capture
molecule being immobilized [77]. While a number of techniques for the modification of
cellulose to enable covalent coupling of a biomolecule have proved successful, the few attempts
to create modified nitrocellulose membranes performed poorly due to their lack of stability long
term [58]. Chemical crosslinking of a biomolecule can reduce the influence of microenvironment
changes due to the various surface treatment techniques, and is therefore most commonly used
for the immobilization of enzymes, which are particularly sensitive to such changes [79].
However, crosslinking faces many of the same challenges of other chemical methods,
specifically the need for added complexity to generate a surface immobilized with the

biomolecule of interest.

2.4.2  Binding Kinetics in Porous Networks

The second critical requirement of a molecular recognition element is the ability to bind
to an analyte of interest under lateral flow. The affinity of these two elements for one another are
particularly important, as they influence the overall analytical sensitivity of a lateral flow assay
[55]. Such affinity, and the corresponding binding kinetics, is dictated by the summation of the
interactions between a protein and the ligand to which it binds. These binding interactions
consist of a number of molecular forces, including charge—charge interactions, hydrogen bonds,
hydrophobic interactions, and van der Waals forces. Note that these forces are influenced by the
fact that the binding element is immobilized on a matrix that has its own contribution to the
forces felt by the ligand.

In this section, we will consider the role of binding kinetics in assay sensitivity, with
special consideration of the influence of reagent delivery. The underlying kinetics of a binding

reaction can provide insight about the interaction between an analyte and a ligand. Interpretation

20



of a binding event can be directed by an understanding of the underlying kinetics of a reaction
between an analyte and a ligand. A simple binding reaction involves an analyte (A) and a ligand
(L), which reversibly forms a bound complex (AL). As shown in Equation 2.4, the conversion
between association and disassociation is determined by the dissociation constant, K. Three
factors that should be taken into consideration are (1) the concentrations of protein and ligand
that are present, (2) the concentration of complex that is formed, and (3) how quickly the
complex breaks apart [80]. These three factors enable quantitative interpretation of a binding

event within a Michaelis—Menten kinetics framework [81].

K
A+L S AL (2.4)

The dissociation constant (Kp) of a reaction is defined as the rate at which the binding
reverses (Kof) divided by the rate at which the complex associates (ko). With these rate
constants, concentration does play a role in the amount of complex that is formed since the
observed net rate of formation (or dissociation), k,,; = k,,[analyte] — k, ;. As the local
concentration of a protein or analyte is increased, the probability of a collision between the two
molecules, and subsequent binding event, also increases. When considering binding at a test line,
the local concentration in the microenvironment of test line influences the observed on rate for
this interaction. Therefore, the transport of a protein to the test line through either convection or
diffusion influences the rate at which a binding event can take place.

While traditional methods to measure reaction kinetics are able to provide an estimate for
the kinetics of a binding interaction, the rate constants determined by kinetic measurement
systems might not necessarily translate directly into those relevant in paper microfluidic systems.
This is primarily due to two properties of lateral flow assays: (1) the constant movement of fluid
by capillary action and (2) porous nature of the membrane. There are additional effects from the
matrix itself, effects that can be seen whether or not a surface has been passivated by a blocking
protein such as bovine serum albumin (BSA). Porosity is a measure of the empty space in a
material and serves as a key parameter in the design of the lateral flow assays [82]. The larger
the void space, or mean pore size, the smaller the surface area-to-volume ratio is for a given
segment of membrane. When a ligand is immobilized onto the exposed surface area of a test

region, larger amounts of protein can be deposited on membranes with smaller pore sizes.
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However, as pore size decreases, overall assay speed can suffer as the flow rate is reduced.
While this may increase the probability of a collision event as the distance to diffuse to the
surface decreases, the primary tradeoff is an increase in time from sample to result.
Experimentally determined rate constants provide insight into the affinity between a
protein and a ligand that can translate to improved performance of an assay integrated into a
paper microfluidic system. Specifically, empirically determined association and dissociation rate
constants may shed light on the kinetics of assay binding for varying reagent delivery formats in
porous media [83]. Reagent delivery can be either sequential, in which each reagent is delivered
independently across the test line, or premixed, in which the analyte and detection stack are
mixed before they are delivered to the test region. The Fu group has demonstrated a 4- to 10-fold
improvement in the limit of detection for the malaria antigen PfHRP2 using the sequential
delivery format [83]. In contrast, recent work has also shown an improved limit of detection for
the influenza nucleoprotein using the premixed delivery format [84]. While the underlying
mechanisms are not yet fully understood, the difference in performance of these two assays is
likely due to differences in antigen binding; this could include multivalency of the antigen,
kinetics of binding of the antibodies, or the size of the bound analyte—ligand complex. The
overall assay performance is therefore influenced not just by the affinity of the binding elements,

but also by the manner in which they are delivered across the test region.
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2.5 GAPSIN THE LITERATURE

We identified two key gaps in the literature related to the use of computationally designed

proteins in paper-based diagnostics that will be addressed in this dissertation.

(1) While computationally designed affinity proteins have been demonstrated to be effective as
therapeutics, and initial validation of these proteins has been demonstrated in paper diagnostics,
the clinical application of these proteins for diagnostic applications has not been thoroughly
investigated. Their use for infectious disease diagnostics could provide a less expensive and
more customizable alternative to antibodies as a reagent for the development of point of care

diagnostics for protein detection.

(2) Although there has been significant work in the development of paper architectures and
protocols for the long-term storage of proteins for various microfluidic applications, including
paper based systems, these systems have not previously been applied to this new class of affinity
proteins. Designed to be both inexpensive and highly thermostable, these proteins are ideal for

the implementation into lateral flow assays for use at the point of care.
The work presented herein will explore this space, including the development, application, and

optimization of computationally designed affinity proteins for their application to the detection

of disease at the point of care.
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Chapter 3. ASSAYS FOR THE DETECTION OF THE INFLUENZA
VIRUS USING COMPUTATIONALLY DESIGNED PROTEINS

3.1 BACKGROUND

Influenza, commonly known as the flu, infects 5-20% of Americans each year,
accounting for 15 to 60 million infections annually [7]. These infections lead to over 200,000
hospitalizations and an average of 23,000 deaths in the U.S. alone each year, making the flu
deadlier than HIV and cervical cancer combined [7], [85], [86]. While the flu is especially
problematic for young children, pregnant women, the elderly, and people with other health
conditions, the flu can also be a severe respiratory disease for otherwise-healthy adults. This is
especially true for specific flu strains [87]. During the 2013-2014 flu season, adults 18-64 years

old accounted for the majority of flu-related hospitalizations and deaths [88].

M2 lon Channel

Neuraminidase

Figure 3.1. Drawing of the influenza virus and important proteins.
Images of the virus (left) and the four proteins critical for virulence; hemagglutinin,

neuraminidase, M2 ion channel, and ribonucleoprotein (RNP). Source: (cdc.gov).

In addition to being a significant health problem, the flu is also an enormous financial
burden. A study on the economic burden of flu found that influenza costs the U.S. economy
$87B each year, including direct medical costs, loss of productivity, and loss of economic value

due to early [89]. Despite these grim numbers, the flu is treatable. Antiviral medications such as
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Tamiflu®, also known as oseltamivir, are available for treatment of most influenza strains and
have been shown to reduce the severity of symptoms, shorten the duration of illness, and
decrease the risk complications—but only when prescribed within the first 48 hours of symptoms
[7], [90]. Timely and accurate diagnosis of influenza is therefore the first line of defense against
the virus and key for successful disease management.

Influenza is a single stranded RNA virus that is known to infect humans as well as a
range of other animals, including pigs and birds. The virus has eight RNA segments that code for
a total of 11 viral proteins for some strains of the virus [87]. Key proteins of the virus are the
surface proteins hemagglutinin and neuraminidase, responsible for receptor binding and virion
release respectively, the nucleoprotein, which forms the ribonucleoprotein structure with the
viral RNA, and the M2 membrane protein which serves as an ion channel, Figure 3.1. While
there are three strains of influenza known to infect humans, influenza A, B, and C, influenza A is
known to cause the most severe clinical symptoms among the three. Influenza A can be further
divided into subtypes, which are described by the specific hemagglutinin (HA) and
neuraminidase (NA) on the surface of that subtype. There are currently 18 known subtypes of
HA, and 11 subtypes of NA, which can lead to many different combinations of the two proteins
[88]. Of the 198 possible combinations, only three strains of Flu A have lead to human
pandemics, HIN1, H2N2, and H3N2 [91]. There are two influenza A subtypes currently
circulating among the human population, HIN1 and H3N2, though the distribution of infectious
varies annually, Figure 3.2. In addition, there are some subtypes that occasionally lead to illness
in humans who have close contact with animal reservoirs, such as the highly pathogenic
influenza virus HSN1.

As an RNA virus, influenza is constantly evolving to evade the human immune system,
through processes known as antigenic drift and antigenic shift [92]. Antigenic drift is the process
by which small mutations occur over time, even during the course of one influenza infection, that
eventually result in viruses that are antigenically different from the original [93]. The mutations
we see occur between flu seasons are examples of antigenic drift. Antigenic shift, on the other
hand, typically occurs when a new subtype jumps from an animal reservoir into humans, with
antigens that are so different from the human version of that subtype that most humans do not
have immunity to the new virus [94]. One example of antigenic shift is the HIN1 pandemic that

occurred in 2009, which lead to an estimated 60 million cases in the United States alone [95].

25



Influenza Positive Tests Reported to CDC by U.S. Public Health Influenza Positive Tests Reported to CDC by U.S. Public Health Laboratories,

Laboratories, National Summary, 2015-2016 Season o0 National Summary, 2016 2017 Season
3,500
3.500
P 3,000 [J A (subtyping not performed) 2 [ A (subtyping not performed)
5 @ A (HIN1)pdm09 £ sow [ A (H1IN1)pdm09
g 2500 = Ao £ B A (H3N2)
) 2,500
) 2 [ H3N2v
g 2,000 E g (I\;ﬁeagg th performed) E@ [l B (lineage not performed)
§ (Victoria Llngage) 5 200 [ B (Victoria Lineage)
s 1,500 |-I [ B (Yamagata Lineage) 12 [ B (Yamagata Lineage)
= | 1,500
3 ! | 2
3 1,000 ‘ Il’ HF 1,000
i L
| |
500 H I I I IIHH 500
all s
0 - .- |

September 2015 August 2016 September 2016 August 2017

Figure 3.2. Number of influenza positive tests reported to the CDC since 2015.

There was an obvious shift between the two flu seasons with regards to the strain distribution, as
visible by the colored bars. In these graph, non-subtyped flu A is shown in yellow, HIN1 from
the 2009 pandemic strain in orange, H3N2 in red, and a variant of H3N2 in blue. All flu B strains

are shown in shades of green. Source: www.cdc.gov/flu/weekly/index.htm.

Given the importance of influenza diagnosis, several lateral flow-based rapid diagnostic
tests (RDTs) have been developed for point-of-care detection of influenza. It has been
demonstrated that the correct use of an RDT for influenza can significantly reduce the cost of
treatment, time of hospitalization, and minimizing the incorrect use of antibiotics versus
antivirals [96]. Commercially available RDTs are based upon detection of the internal
nucleoprotein, which require lysis of the influenza virus and can potentially add complexity to
the integrated assay [8]. Alternatively, detection of intact virus is an attractive option for simple
point-of-care tests, in which sample pre-processing must be minimized or eliminated. Not only
does this strategy minimize the sample prep required, the presence of approximately 500 HA
molecules on the surface of the intact virus enables multiple detection events for every virus
captured, as seen in Figure 3.1 [97].

Hemagglutinin (HA) is a valuable diagnostic target for influenza, as it is both an antigen
targeted by the human immune system and is used to identify the subtype of the infecting flu
virus (e.g., H1 vs. H3). While HA undergoes a high degree of antigenic drift, driven, in part, by
pressure to evade the host immune system, highly conserved areas exist that are crucial for viral
function and replication [98]. For example, the receptor binding site of the head region

undergoes limited variation, as it is required for attachment of the virus to the host cell through
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sialic acid moieties [87], [99]. The stem region of the HA protein, which is involved in
conformational changes critical to endosomal escape, has also been demonstrated to be highly
conserved [100]. Careful epitope selection is therefore essential for design of a diagnostic assay
to target HA.

Antibodies are traditionally used for protein capture and detection in lateral flow assays
due to their affinity, specificity, and ability to adsorb strongly to nitrocellulose [46], [101], [102].
However, their utility is limited by the large batch-to-batch variability and high production and
purification costs associated with current commercial antibodies, as described in Chapter 2.
Similarly, aptamers have been demonstrated for the detection of HA, however the process for
selection (systematic evolution of ligands by exponential enrichment; SELEX) requires
significant resources and often fails to yield molecules with suitable binding affinities [82],
[103]-[105]. Our approach for sandwich (immuno)assay development for influenza involves the
use of computationally designed (de novo) aftinity reagents. De novo design of recombinant
affinity proteins enables the development of binding proteins to target highly specific epitopes on
the hemagglutinin protein.

Computationally designed recombinant affinity proteins have been designed by our
collaborators to bind the stem and head regions of HA (Figure 3.3). These two epitopes each
play a unique role in influenza infection; the head region serves to bind sialic acid on human
lung epithelial cells, while the stem region acts as a hinge to enable membrane fusion with the
human epithelial cell. Design of affinity proteins to the highly-conserved stem region was
guided by the discovery of neutralizing antibodies to HA, the binding of which block the pH
induced refolding of HA [75]. The “stem region binder” used in this work was a designed
scaffold that underwent affinity maturation, containing a group of helices, one of which packs
tightly into the hydrophobic grove on HA. Alternatively, our “head region binder” targets the
readily accessible sialic acid receptor-binding site that enables attachment of the virus to human
epithelial cells. The head region binder was designed to be a trimer with the same C3 symmetry
and spacing of the HA trimer, thereby maximizing the avidity of binding through association
with all three epitopes [106]. Influenza virions are densely covered with HA trimers, which

provide many sites for attachment of either head or stem region binders.
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Hemagglutinin (HA) Head-Region Head-Region Binder

Top view

Side view
T 3

Figure 3.3. Illustrations of the influenza virus and targeted sites for binder development.

The hemagglutinin protein is shown in purple. Images at the left and center show the two classes
of conserved sites (in yellow) to which the synthetic binders were designed to target. The images
on the right show HA bound to the computationally designed head region binder (orange, top)
and stem region binder (pink, bottom). Detailed information about the binder proteins can be

found in the following references [70], [106].

This aim describes the development of a set of paper-based assays for detection of the
influenza surface protein hemagglutinin (HA) using a combination of de novo proteins and
antibodies. The overarching goal of this aim is the demonstration of an assay that enables
detection of native hemagglutinin with clinically relevant sensitivity. This work is divided into
the following sections:

<+ Development of an assay for the detection of HA using combined stem and head region
binders.
< Development of an assay for the detection of native HA from intact influenza using an all

head region binder based assay.

3.2  MATERIALS AND METHODS

Membrane Preparation. Nitrocellulose membranes (GE FF80HP, GE Healthcare,
Piscataway, NJ) were cut into test strips using a CO, laser cutter (Universal Laser Systems,

Scottsdale, AZ). Each test strip was 3 mm wide by 24 mm long, and sets of 4 strips were cut
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together and connected by a 6 mm tall section at the top of the device in order to promote batch
processing using a microplate. The distance between strips was 6 mm, designed to allow each set
of strips to fit into the wells of a 96-well plate. Capture proteins were deposited onto the
membrane strips to form test lines using a piezoelectric printer (sctFLEXARRAYER S3,
Scienion AG, Berlin, Germany). Head region binder (Trimer 11) was prepared at 0.7 mg/mL (10
uM), capture antibody (Influenza Reagent Resource (IRR) #FR-504, mouse monoclonal anti-
influenza hemagglutinin antibody) was used at its stock concentration of 0.5 mg/mL (3 uM), and
nitrocellulose binding streptavidin (AbCam #ab51404) was prepared at 1 mg/mL. All protein
solutions were prepared in phosphate-buffered saline (PBS, pH 7.4, Sigma-Aldrich, St. Louis,
MO). To avoid clogging the printer with particulate matter from the samples, the protein
solutions were filtered through a centrifugal filter device with 0.2-pm nylon membrane (VWR,
Radnor, PA) at 6000xg for 5 minutes prior to spotting. Test lines consisted of 12 spots spaced
250 um apart, with 30 droplets per spot, and two passes were printed for each test line in order to
saturate the membrane region. Each droplet was 450-500 pL, resulting in test lines comprising
~300 nL of protein solution in total.

Head and stem region binder manufacturing. The additions and mutations of all
computationally designed proteins was done using Rosetta software suite

(www.rosettacommons.org). The head region binder, variant Tri-HSB.2, was cloned into the

pET29b expression vector between the Ndel and Xhol restrictions sites with an additional C-
terminal cysteine residue (as described in Strauch et al). The protein was expressed in BL21*
(Invitrogen) cells using autoinduction and media supplemented with TB(Difco)33. The protein
was purified using standard Ni-NTA purification and PBS-based buffers. Elution was achieved
using 250 mM imidazole supplemented with 2 mM DTT to avoid oxidation of the cysteines. The
stem region binder, variant HB36.5, was cloned, expressed into E. coli, and purified using metal
affinity chromatography using Ni-NTA resin to recognize C-terminal His tags. Biotinylated
versions of the protein was created by the addition of a C-terminal AVI tag at the genetic level,
and biotinylation occurred after purification using the biotin protein ligase BirA [70]. This
resulted in a stem binder with a single biotin on each binder. Proteins were stored in PBS with a
pH 7.4 at -80°C and thawed before use.

Gold nanoparticle conjugation. For conjugation, the head region binder underwent

buffer exchange into PBS using a desalting column (P10-GE) and was then incubated with
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maleimide-activated gold nanoparticles (Innova Biosciences) for 6 h at 25°C and for another 8 h
at 4°C before the conjugate was purified by centrifugation at 9,000xg for 10 minutes to remove
unconjugated binder. The antibodies used for detection in the all antibody assay were conjugated
using the same conjugation kit. They were incubated with the maleimide-activated gold
nanoparticles for 15 minutes at 25°C before purification by centrifugation at 9,000xg for 10
minutes to remove unconjugated antibody. All gold conjugates were stored at 4°C until use.
Horseradish peroxidase conjugation. For conjugation, the head region binder
underwent buffer exchange into PBS using a desalting column (P10-GE) and was then incubated
with maleimide-activated horseradish peroxidase commercial conjugation kit (ThermoFisher,
Waltham, MA, USA) for 6 h at 25°C and for another 8 h at 4°C. Each head region binder was
estimated to be conjugated to between 0 and 3 HRP molecules each, and stored at 4°C until use.
Hemagglutinin Detection Assays. Each assay was performed using a dipstick lateral
flow format with a 96-well plate pre-loaded with the given assay reagents into which the
nitrocellulose membrane is manually placed for each step. The novel “assay stack” demonstrated
herein used the head region binder for capture and monoclonal antibody for detection.
Recombinant HA, virus, and anti-influenza antibodies were acquired from the International
Reagent Resource (previously Influenza Reagent Resource), WHO Collaborating Center for
Surveillance, Epidemiology and Control of Influenza, Centers for Disease Control and
Prevention, Atlanta, GA, USA. Phosphate-buffered saline (PBS) + 0.1% v/v Tween-20 (Fisher
BioReagents #BP337, Thermo Fisher Scientific, Waltham, MA) (PBST) was used as the wash
buffer in all cases. All non-wash reagents were diluted in a running buffer of PBST + 1% w/v
bovine serum albumin (BSA, Sigma-Aldrich #A7030) (PBST+BSA). Both the recombinant HA
antigen (IRR #FR-67) and cultured influenza virus (IRR #FR-331) were from the A/Solomon
Islands/03/2006 (HINT1) strain of influenza. Detection antibody (IRR #FR-502) was developed
for this strain of HA as well, and it was used at 100 nM. gold-conjugated secondary antibody
(“Au-2°," Au-goat-anti-mouse IgG, Arista Biologicals, Inc., Allentown, PA) was purchased
commercially. For the all-antibody assay, detection antibody was conjugated directly to gold
label as described in the previous section. The assays were all run by the sequential delivery of
each reagent, unless otherwise stated, with PBST wash steps in between using a 96 well plate to
deliver the 20 pl used in each step. Recombinant HA was tested at concentrations of 78 nM, 15

nM, 3 nM, 625 pM, 125 pM, 25 pM, and 5 pM. Influenza virus was tested at 1.25 x 108, 25X
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107, 1.25x 107, 2.5 x 10%, 1.25 x 10°, 2.5 x 10°, and 1.25 x 10° chicken embryo infectious dose
(CEIDso/mL), with four replicates per concentration. Buffer-only (PBST+BSA) negative controls
were also tested. After each assay was complete, all devices were taped to a standard piece of
printer paper and imaged at 48-bit HDR color, 600 dpi, y = 1 using a desktop scanner (Perfection
V700 Photo Scanner, Epson, Long Beach, CA).

Signal Quantification. All signal intensities from test lines were quantified using a
custom script in MATLAB (MathWorks, Natick, MA). Using this program, a region of interest
(ROI) was drawn around the test line of interest, and the average pixel intensity inside this test
RO, Iies, was determined. After background subtracting the average pixel intensity, Ipkgd, the
resulting value was then normalized on a scale from 0 to 1 to generate the normalized pixel

intensity of the spot, I,orm, using Equation 3.5.

Ligst — 1
Inorm — test bkgd (3.5)
0-— Ibkgd

For the assay data herein, all colorimetric signals were generated using either gold nanoparticles
or precipitated DAB. Because gold nanoparticles are red, the green channel of the RGB image
was used for analysis. For DAB, which is yellow/brown, the blue channel of the RGB images
was used for analysis. Overall, the normalized pixel intensities represented a range from no
signal (0) to maximum (fully saturated green channel) signal. For significance testing between
two sets of data, Welch’s t-test was used (also known as Student’s t-test with unequal variances).
Unless otherwise specified, a significance threshold of o = 0.05 was applied. Where given,
statistical limits of detection (LODs) were calculated based on the signal level corresponding to a
5% chance of false-positive signal and 5% chance of false-negative signal, mapped to the
associated HA concentration using a four-parameter logistic curve [107], [108]. The 95%

confidence interval (CI) for each estimate was also determined as previously described [58].
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Figure 3.4. Assays for the detection of recombinant hemagglutinin (HA).

(A) Schematic representation of these assays. From left to right: antibody capture and detection
with gold nanoparticle readout, head region binder capture with antibody detection and gold
nanoparticle readout, stem region binder and streptavidin capture with antibody detection and
gold nanoparticle readout, and stem region binder and streptavidin capture with head region
binder detection using horseradish peroxidase (HRP). (B) Figure legend. Note that the molecular

components are not to scale.

3.3 RESULTS AND DISCUSSION

3.3.1 Hemagglutinin detection using combined head and stem region binders

We developed a series of assays to detect recombinant hemagglutinin using a

combination of the head and stem region binders. Similar to antibody based immunoassay
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development, the assays were designed to target two different epitopes on the same antigen.
Because the stem region binder could not be effectively immobilized directly to nitrocellulose,
modified streptavidin was used to capture biotinylated version of the binder instead. The four
assays described in Section 3.3.1 are show in Figure 3.4, beginning with antibody capture and
detection, head or stem region binder capture with antibody detection, and finally with stem
binder capture and head binder detection.

The assays described in this section were developed and compared using the recombinant
HA from the A/Solomon Islands/3/2006 (HINT1) strain of influenza A. The dose-response curves
for the detection of recombinant HA using head region binder capture are shown in Figure 3.5.
The head region binder (67 kDa) can be effectively immobilized by direct adsorption to
nitrocellulose, and serve as the base of the assay stack. Dilution series of recombinant HA
antigen yielded a statistical LOD for this assay of 451 pM HA, as compared to 7.6 nM for the
full immunoassay. Despite the significant improvement in LOD, neither of these assays enables
detection of hemagglutinin within the clinical range, which is estimated to be between 300 fM
and 3 nM.

An alternative strategy for the detection of recombinant HA is to use the stem region
binder for capture. Because this assay uses streptavidin modified specifically to adsorb to
nitrocellulose, we overcome the previously demonstrated challenges in immobilization [58],
[109]. The dose-response curve for the detection of recombinant HA using the stem region
binder for capture is shown in Figure 3.5. Dilution series of recombinant HA antigen yielded the
LOD for this assay to be 14 pM (95% CI [8, 25]), which is a significant improvement over the
previously demonstrated assays. In an attempt to further lower the LOD, we replaced the gold
detection with HRP by directly conjugating the HRP enzyme to a head region binder. From this
all binder stack, we found comparable results to the gold-based assay. While enzymatic
amplification often leads to an improvement in sensitivity, the gold nanoparticles (InnovaCoat)
used in these experiments have a proprietary surface coating that we have found leads to

approximately 10x improvement in LOD as compared to competitors (Arista).
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Figure 3.5. Recombinant flu HA assays.

Both assays, using either antibody or novel head region binder, use gold conjugated antibodies
for detection. Representative test lines and the full assay response curves are provided. Each
condition was tested with n=4 replicates. (A) Antibody capture assay run with recombinant HA.

(B) Head region binder capture assay run with recombinant HA.

Detection strategies that utilize both the head and stem region binders will enable greater
coverage over the circulating forms of the virus. However, one major drawback of this assay is
that it has not been successfully demonstrated to capture and detect native hemagglutinin. The
inability of the stem region binder assay to detect actual influenza virus limits the clinical
relevance of the assay. Initial attempts to capture whole influenza virus proved challenging,
presumably due to steric hindrance preventing access of the stem region epitope of the viral
hemagglutinin when the stem binder was immobilized onto paper. This motivated the need to
solubilize and detect the native HA protein from the influenza virus.

Preliminary testing with a range of surfactants, including Triton X-100 and octyl
glucoside (OG) lead to complete loss in assay signal. Future work towards development of a
solubilization technique would enable the use of a combination of the stem and head region
binder assays to more sensitively detect native hemagglutinin. To start, a screen of surfactants
with varying properties for their ability to solubilize HA without interfering with assay
performance, beginning with the non-ionic detergent Triton X-114, the non-ionic and non-
denaturing detergent octylphenoxy poly(ethyleneoxy)ethanol (IGEPAL), and the zwitterionic
detergent 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS). These
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detergents have been found to effectively solubilize membrane glycoprotein for non-
immunoassay applications, including mass spectrometry, gel electrophoresis and immunoblotting
[110]-[112]. However, our application requires that not only is the membrane glycoprotein
solubilized effectively, but also maintains its ability to bind in the same manner as before. A
potential solution was developed by researchers from Emory who found the combination of
Triton X-100 and saponin lead to effective solubilization at 4°C to remove the effects of

proteases, however this method might prove challenging to integrate into an LFA [113].
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Figure 3.6. Recombinant flu HA assays using stem binder capture.

These assays use antibody (A) or head region binder (B) detection. Representative test lines and
full assay response curve is provided for each, however limit of detection analysis has not yet
been completed for (B). All binder stack was tested at 10 nM of HA. Each condition was tested

with n=3 replicates.
3.3.2  Assays for the detection of native hemagglutinin

Many assays for HA described in the literature demonstrate successful detection of the
recombinant form of HA [114]-[116]. While the recombinant version of HA serves as a good
model for assay development, it is not an exact replica of the native form of HA. Specifically,
recombinant HA is traditionally expressed in either mammalian or insect larvae cells, meaning
the recombinant protein’s structure, conformation, and microenvironment may differ from the

native form [117]-[119]. Because of these potential differences, the success of the assays

35



described in the previous section might not translate to the native form of the protein. Therefore,
we sought to develop an assay strategy that enabled detection of the native hemagglutinin from
influenza virus. This section describes a new approach for the detection of hemagglutinin, of
which there are an average of 500 per virus, targeting the head region of HA for both capture and

detection of the protein.

A Intact Influenza Virus Assay stacks
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Figure 3.7. Illustrations of the novel HA assay stacks for intact influenza virus.

(A) From left to right, assay stacks for recombinant HA detection including all antibody
detection, head region binder capture with antibody detection, head region binder capture and
detection with gold nanoparticle readout, and all head region binder assay stack with enzymatic
detection. Enzymatic amplification was accomplished using horseradish peroxidase (HRP) and
3,3’ diaminobenzidine. (B) Figure legend describing each molecular component. Note that the

molecular components are not to scale.

The assays depicted in Figure 3.8 were compared with respect to detection of live
influenza virus of the A/Solomon Islands/3/2006 (HIN1) strain. The dose-response curves for
the whole virus assays are shown in Figure 3.9. Note that, while the virus signal intensities were
low in some cases, we were limited to these test concentrations due to the concentration of the

virus stock solution (2.5 x 10® CEIDs¢/mL) and the need to dilute in running buffer by at least
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50% to enable flow. Unfortunately, there is no direct relationship between molar concentration
of HA and the infectious dose of either cultured virus or virus from a clinical sample. Dr. Carly
Holstein used values based on values published in the literature to suggest that the assays using
de novo binders had LODs that were within the clinically relevant range of HA concentration
during influenza infection [58].

To quantify the benefit of using the head region binder as a capture agent as compared to
the typical IgG antibody, a traditional, all antibody-based lateral flow test was evaluated using a
dilution series of the same recombinant HA and whole virus as above, Figure 3.8. The standard
error of the LOD estimate for virus was extremely high, owing to the noisy and low signal in this
regime, resulting in an unproductive 95% CI of [-2, infinity]. This large confidence interval was
largely due to the absence of an observable signal in this concentration range. As we were
limited by the stock concentration of the virus, this rendered us unable to generate an effective
LOD estimate. However, these results clearly indicated that the antibody assay was less sensitive
than the novel assay with recombinant head region binder, which produced both signal and a
reliable LOD estimate for this concentration range.

In an attempt to further demonstrate the capabilities of the recombinant head region
affinity proteins, they were used as both capture and detection agents. In this assay, the
recombinant capture and detection agents bind the same epitope on the HA protein, so the signal
at the test line is dependent on the presence of at least two available HA proteins. Therefore,
recombinant HA, which contains only one head region binder binding site, was not capable of
simultaneous capture and detection. However, using the head region binder as both capture and
detection agents, we were able to observe detection of intact influenza virus, Figure 3.8C. The
LOD for the assay using solely de novo binders was found to be 1.34 x 10’ CEIDsy/mL (95% CI
[7.25 x 10°, 1.90 x 107]), which was substantially better than the LOD for the all-antibody assay,
2.5 x 10® CEIDso/mL (95% CI [-2, infinity]). The LOD of the all-de novo binder assay was 2-
fold better than the LOD of the assay with binder capture and antibody detection, 3.54 x 10’
CEIDso/mL, Figure 3.8. The introduction of enzymatic amplification enabled further
improvement of the assay, with an LOD of 1.35 x 10" CEIDso/mL. With regards to
reproducibility, the conjugation of HRP to the head region binder was much more consistent

from batch to batch, leading to an overall improvement in assay performance over time.
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Figure 3.8. Results of the flu HA assay using novel head region.

(A) Antibody capture and detection of intact influenza virus. (B) Head region binder capture and
antibody detection of intact influenza virus. (C) Head region binder capture and detection of
intact influenza virus. (D) Head region binder capture and detection of intact influenza virus with
horseradish peroxidase (HRP) for enzymatic signal amplification. As the antibodies are replaced
with the head region binders, a reduction in the lower limit of detection can be seen, with the
lowest LOD shown in panels C and D. Representative test lines and the full assay response

curves are provided. Each condition was tested with n=3 replicates.

Detection of intact virus is an attractive option for simple point-of-care tests, in which
sample pre-processing must be minimized or eliminated. When lysis agents were added to the
virus sample, signal from the assay described in Figure 3.8D was eliminated altogether, Figure
3.9. High concentrations of Triton X-100, which have been proven to effectively lyse the
influenza virus and free the viral nucleoprotein, lead to a complete loss in signal in the all head

region binder assay. This supported our hypothesis that these assays detected—and depended
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on—the capture and retention of whole influenza virions. This approach enables detection of the
virus without additional processing steps, whereas most approaches to influenza diagnosis rely

on sample preparation steps for the isolation of the molecular target of interest [120]. In addition,
the presence of approximately 500 HA molecules on the surface of the intact virus enables signal

amplification through the binding of multiple detection binders for each [97].

Triton X-100 Concentration
0% 0.1% 1% 5%

Affect of Triton X-100 concentration on

Assay Performance
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0.02
0

0% 0.10% 1% S%

Normalized Pixel Intensit

Triton X-100 concentration
Figure 3.9. Reduction of assay performance at high detergent concentrations.
Intact virus assay run with a range of Triton X-100 concentrations, with a loss in assay
performance at 5% Triton X-100. Representative test strips (top) and normalized pixel intensity

across the test line (bottom) are shown. All conditions were run with an n=4.

The assay results for all eight assays described in this Chapter are summarized in Table
3.1, combined with comparisons to the estimated clinically relevant ranges of virus and HA,
calculated in the Supplemental Methods from [121]. The data in Figure 3.10 indicates that the
head region binder assays had LODs that were estimated to be within the clinically relevant
range for both HA and virus targets, albeit in the higher end of that range. The traditional
antibody assay, however, fell outside of the clinically relevant range for recombinant HA and
was at the very high end of the range for virus. Therefore, the traditional antibody assay would

be unlikely to be clinically useful, while the head-region-binder based assays would be useful for
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detecting mid to high concentrations during infection. While there are no commercially available
rapid diagnostics currently available to detect HA, existing nucleoprotein tests can be used as a
benchmark for analytical sensitivity. The lower limit of detection of the available diagnostics for
nucleoprotein has been found to vary between approximately 10° and 10’ CEIDsy/mL depending
the diagnostic test and the strain being detected [114]. The lower limits of detection for the HA
assays demonstrated herein are within this range, suggesting that the analytical sensitivity of the
all binder HA assay is comparable to the commercially available rapid tests for influenza
nucleoprotein.

The head region binder used in the assays presented here was designed using the crystal
structure of the HIN1 Solomon Islands 2006 strain of the influenza virus. Strains of both HIN1
and H3N?2 circulate seasonally and have been responsible for four major influenza pandemics
[120]. The mutagenic nature of the head region prevents anti-HA antibodies against one strain
from protecting individuals from a different strain of the virus. As a consequence, high affinity to
one strain could also increase strain-specificity; one binder may have reduced affinity to HA of
another strain. Targeted binding enables greater specificity and differentiation between the
circulating strains of the virus. For complete clinical coverage, careful design of binders to other
strains of the virus for use in a multiplexed device will be necessary. A screen of the most recent
strains of influenza A and B circulating in the human population identified that the head region
binder is capable of binding two of these strains, the Solomon Islands 2006 strain of HINT1 to
which it was designed, and the Switzerland 2013 strain of H3N2, Figure 3.10. Despite the fact
that these two strains of the virus are different subtypes, the conformation of the sialic acid
binding pocket are similar enough that the designed binder is capable of binding with similar
affinity to both. Limit of detection analysis of the H3N2 strain lead to statistically similar results

to the HINI1 strain, with LODs of 1.11 x 10" CEIDso/mL and 1.35 x 10" CEIDs¢/mL respectively.
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Figure 3.10. Specificity and sensitivity of the head region binder assay.

Horseradish peroxidase was used to visualize influenza bound at the test line, shown in brown.
(A) Screening of clinically relevant influenza A and influenza B strains including representative
test lines (top) and normalized pixel intensity (bottom). (B) Limit of detection analysis for HIN1
and H3N2 strains. The limits of detection were found to be 1.35 x 10’ CEIDso/mL (95% CI:
[7.26 x 10°,1.90 x 10']) and 1.11 x 10’ CEIDsy/mL (95% CI: [6.85 x 10°, 1.50 x 107])
respectively. The solid lines indicate the calculated LOD, while the dashed lines indicate the

95% confidence interval. Each condition was tested with n=4 replicates.

Based on these results, both recombinant head region binder-based assays yield superior
analytical sensitivity to the lateral flow immunoassay developed using commercially available
monoclonal antibodies for capture and detection of HA. Even though the LOD is not improved
as compared to the commercially available nucleoprotein based rapid diagnostics, these affinity
proteins offer the potential to better inform patient management by offering differentiation
between subtypes of influenza at a fraction of a cost to antibodies. We have therefore
demonstrated that the use of a computationally designed, recombinant affinity protein not only
offers greater design control at a lower cost than antibodies, but that such targeted de novo

proteins can be used to improve the performance of paper-based assays.
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Table 3.1. Summary of influenza assay results.

The LOD with 95% CI for each assay is listed and compared to the clinically relevant range of
influenza. Influenza virus infectivity is reported using two different units, tissue culture
infectious dose 50% endpoint (TCID50/mL) or chicken embryo infectious dose 50% endpoint
(CEID50/mL) depending on which cell line is used to determine the infectious titer. The
clinically relevant range of virus in TCID50/mL of nasopharyngeal wash is known from the
literature [87]. It is important to note that these concentrations will differ from different sampling
techniques. The ranges in terms of HA [M] and virus [CEID50/mL] were estimated by Dr. Carly
Holstein, described in the supplemental methods of the following paper [121].

Clinical Range for HIN1 Influenza Infection

Low Medium High
Virus [TCIDsy/mL] 1x 10’ 1x10° 1x 10’
Virus [CEIDsy/mL] 1.5x 10 1.5x 10° 1.5x 10°
HA [M] 300 fM 30 pM 3nM
Recombinant HA Assay LODs ‘

Lower 95% CI LOD Upper 95% CI
All antibody stack 3.8 nM 7.6 nM 14.8 nM
Head binder capture, antibody detection 358 pM 451 pM 569 pM
Stem binder capture, antibody detection 8 pM 14 pM 25 pM

Lower 95% CI LOD Upper 95% CI
All antibody stack (CEIDsy/mL) NA >1.25x 10° NA
Head binder capture and antibody detection (CEID5o/mL) 1.88 x 107 3.54x 10’ 6.66 x 10’
All head binder stack, gold detection (CEIDsy/mL) 7.25x 10° 1.34x 10’ 1.90 x 107
All head binder stack, HRP detection (CEIDsy/mL) 7.26 x 10° 1.35x 107 1.90 x 10

While enzymatic amplification lead to a slight improvement in the sensitivity of the intact
influenza virus assay, the calculated limits of detection are still at the middle to high end of the
clinical range of the strains, Figure 3.11. Therefore, an alternative approach is will be needed to
further improve the sensitivity of our influenza assay. Other approaches, such as silver
enhancement or fluorescence readout, have been demonstrated for the reduction in the assay
LOD, however the resulting sensitivity is only improved by an order of magnitude or two [122].

The Gao lab at the University of Washington has explored the use of polydopamine with HRP,
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which has been demonstrated to improve the sensitivity of immunoassays down to 10 pg/mL for
the HIV biomarker p24 [123]. While this improvement is quite significant, p24 exists in the
serum of infected individuals at much lower concentrations, suggesting that this sensitivity
improvement is insufficient for some protein targets [124]. The most dramatic improvements in
sensitivity have been demonstrated by coupling nucleic acid amplification with protein binding,
with limits of detection down to 3 CFU/mL for Staphylococcus aureus [125]. Coupling an
immunoassay with polymerase chain reaction (PCR) is an approach used to increase the
sensitivity of enzyme linked immunosorbent assays (ELISAs). While immuno-PCR has had
some success, the increased complexity and overall assay time makes it difficult to implement in
some settings [126]. Further work integrating developing and integrating these more complex,
and more sensitive, amplification methods into simple to use diagnostics will have huge impact

for protein detection at the point of care.
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Figure 3.11. Limit of detection analysis overlaid over the influenza virus clinical range.
The results of the intact influenza virus assay are shown for both HIN1 (orange) and H3N2 (blue). All

conditions were run with an n=4.
3.4 CONCLUSIONS AND FUTURE WORK

Using a combination of novel HA head region-binding affinity proteins and antibodies,
we have demonstrated the detection of intact influenza virus using a collection of paper-based
assays. The first of these assays uses a combination of stem and head region binders to the
hemagglutinin protein, demonstrating significantly improved sensitivity over the antibody-based
alternative. However, detection of native hemagglutinin using this assay stack has proved

challenging. Therefore, an alternative approach using the head region binder for both capture and
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detection enabled the detection of native hemagglutinin on the influenza virus, without the need
for additional lysis or preparation steps. To our knowledge, this represents the first report of
whole influenza virus detection on paper. The use of computationally designed, recombinantly
expressed affinity proteins also provides exquisite customizability, leveraged here for binding
epitope specificity and avidity, matching the trimeric nature of the HA protein.

We believe this to be a general approach that can be applied for rapid, simple detection of
a range of viruses at the point of care. Targeting the surface-expressed HA protein also offers the
possibility for additional diagnostic information that is not possible when the internal
nucleoprotein is targeted, as is the case for currently available commercial influenza RDTs [8].
In particular, the HA subtype could be determined by the use of subtype-specific HA binders,
which represents an important area of future work. The ability to determine the HA subtype with
a simple point-of-care test would provide valuable information for epidemiological surveillance
and the clinical management of disease treatment and prognosis. Especially, for example, as the
HA subtype (H1 vs. H3) distinguishes the two currently circulating subtypes of influenza A virus
(HIN1 and H3N2) [127].

The subtype of the virus can have clinical implications as well. While there is treatment
for the flu, such as oseltamivir and zanamivir, some subtypes of flu A have developed resistance
to these drugs, thereby necessitating the need for an inexpensive test for subtype differentiation
[128]. However, given that the highly conserved receptor binding site of the HA head region is
surrounded by regions with high mutation rates [87], [99], future challenges will include
maintaining binding for evolving strains of HA. As there are only two influenza A virus subtypes
currently circulating in the general human population, it would be possible to combine the
existing assays to enable strain exclusion and inclusion for diagnostic determination. In addition
to achieving a more sensitive and information-rich influenza detection assay, the use of the
recombinant affinity proteins opens the door for companion therapeutics, because these influenza
binders have shown the potential for therapeutic use [103], [105]. In such a companion system,
the influenza binder-based diagnostic test would not only diagnose the flu, but it would also
indicate which flu binder should be given for treatment, based on which binder is able to
recognize the specific strain at hand most sensitively.

Overall, this work demonstrates the power of recombinant affinity proteins for influenza

detection, with the potential to apply to a number of diagnostic applications. Future directions
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include improving the sensitivity of the assay below the clinical range, incorporation of the
demonstrated assay into an automated device, and validation of these assays with clinical
samples. This work is a significant step toward the development of a high-sensitivity, low-cost

influenza test for improved diagnosis and disease management at the point of care.
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Chapter 4. AN INTEGRATED 2DPN FOR SENSITIVE DETECTION
OF THE INFLUENZA HEMAGGLUTININ

4.1 BACKGROUND

The implementation of lateral flow assays at the point of care has been highly successful
due to their cost and ease of use. However, these tests generally lack the ability to perform
additional chemistry and multi-step assays that are often required for more complex laboratory
assays [40]. The conventional enzyme-linked immunosorbent assay (ELISA), for example,
requires the manual delivery of each reagent to enable protein detection. While ELISAs are
sensitive protein assays, the need for refrigeration, electricity, and trained personnel complicate
their implementation at the point of care [6]. The traditional LFA involves one assay step, where
the sample rehydrates the conjugate pad and travels downstream to the test line, where a capture
antibody is immobilized, Figure 2.4. This works well for sandwich assays that use colorimetric
detection, such as by gold nanoparticles, but proves challenging when attempting to integrate
assays that use signal amplification chemistries. There has been an emphasis on strategies that
allow more complex fluidic manipulation within the context of paper-based diagnostic systems.

Various approaches to introduce more complex fluidic manipulation have been
demonstrated. The Whitesides group spearheaded the use of paper for diagnostics through the
layering of paper and tape to create three-dimensional paper microfluidic devices that deliver
different reagents required for the assay at each individual layer [25]. The Filipe group has
described the use of dry pullulan films for the sequential delivery of reagents in a lateral flow or
flow through format [129]. Alternatively, the Ying group has used the stacked flow
immunoassay to significantly reduce non-specific signal due to substances present in a patient
sample. Using separate paths for sample and conjugate pad with a flow regulator in between, the
stacked flow immunoassay enables control the order of reagent delivery across the test region
[130]. Our lab has developed a platform to address these limitations using a two-dimensional
paper network (2DPN). The 2DPN allows the sequential delivery of reagents across a test line in
a fully automated manner [35]. The 2DPN platform has been demonstrated for the integration of

assays using enzymatic amplification for more sensitive detection of an analyte, including gold
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enhancement and horseradish peroxidase (HRP) for signal amplification of an immunoassay

[37], [131], [132].
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Figure 4.1. Requirements of traditional clinical laboratory tests.
Schematic describing the conventional enzyme linked immunosorbent assay (ELISA) (left), and
the infrastructure required to implement these assays (right). These requirements include
refrigeration to keep reagents viable, electricity for the refrigeration and detection, and trained
personnel to run the immunoassay. Images adapted from thermofisher.com (left), globalspec.com

(upper right), and Jean Gratz (bottom right).

2DPN geometries are often limited in their ability to control the rate and direction of flow
for delivery of multiple fluidic steps. Our previously-demonstrated 2DPN architecture for
enzymatic amplification required that the last assay step flow through a long section of porous
material [37], [132]. This has led to reduced performance in integrated devices; specifically, long
assay run times and decreases in sensitivity due to reagent loss to the porous material, and
increased background outside of the capture lines due to nonspecific adsorption of enzyme-

labelled conjugates upstream of the capture line.
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Recent advances in the understanding of fluid flow in paper microfluidics have shown
that understanding the effects of partial saturation are critical to predicting fluid flow in LFAs,
and particularly in complex multicomponent 2DPNs [53], [135]. Controlled partial saturation
effects enable the assay developer to sequence fluid delivery using specific material choices.
This understanding allows for the design of devices that can control flow rates of subsequent
assay steps independently and provide better spatial control of reagent transport. This
understanding of membrane wetting and fluid flow has enabled the implementation of more
complex fluidic handling into integrated paper microfluidics. Other applications using partial
saturation include the automation of DNA extraction from a urine sample and concentration from

large sample volumes and an automated dilution series for downstream immunoassay detection

[53].
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Figure 4.2. Images of the traditional two-dimensional paper network (2DPN)).
The 2DPN is used for the sequential delivery of multiple assay steps across a test line,
demonstrated using dye (A,B) and signal amplification assay using gold enhancement to increase

signal from gold nanoparticles bound at the test region (C). Sources: [133], [134].

This chapter describes work towards a prototype device that integrates the assay
described in Chapter 3 using computationally designed head region binders for capture and
detection of intact influenza virus, Figure 4.3. This assay utilizes enzymatic amplification for the
visualization of binding at the test line, in the form of horseradish peroxidase (HRP). The

original binder-based hemagglutinin assay relied on gold nanoparticles for signal development;

48



however, poor sensitivity of the assay necessitated the need for enzymatic signal amplification
[121]. The modified 2DPN platform presented here harnesses partial saturation to create two
distinct, independently controllable fluidic paths, enabling more precise control over assay
timing, reagent concentrations, and fluid flow rates. This modified platform also enables reagent
delivery while minimizing interaction between the enzyme and its colorimetric substrate before
reaching the test line. This novel device architecture is demonstrated for the sensitive detection

of influenza hemagglutinin from nasal swab samples.
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(cellulose) —— Amplification buffer tube

Water soluble paper
l - ,' — Pinch valve arm

Sample tube

Test strip  Conjugate pad ——————————————————————— Wash buffer tube
(nitrocellulose)  (glass fiber)
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~ buffer

Wash buffer — Plastic cover

Sample

Paper network

Figure 4.3. Hemagglutinin device schematic.

(A) The two-dimensional paper network (2DPN) used in this device. This network contains a
nitrocellulose test strip, glass fiber paths for the delivery of sample, conjugate, wash and
amplification buffers, and a cellulose wicking pad. (B) The fully assembled device. (C) The
expanded view of the device, containing the two-dimensional paper network (2DPN) and
automatic release mechanism for the amplification tube. The automatic release mechanism
consists of a pinch valve that is held closed until the water-soluble paper wets and releases the

“arm”. Once the arm is released, the amplification buffer is delivered to the paper network.

As described in the previous chapter, influenza is a viral respiratory tract infection

responsible for 15-60 million infections in the United States annually, causing more than
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200,000 flu related hospitalizations [7]. While there are three strains of the influenza virus that
circulate in the human population, influenza A is responsible for both the seasonal and pandemic
flu. Influenza A can be further characterized based on two surface proteins that are constantly
undergoing antigenic drift, hemagglutinin and neuraminidase [86], [87], [136]. The
hemagglutinin protein is the rapidly mutating glycoprotein responsible for receptor binding and
membrane fusion to the a(2,6) sialic acid of human epithelial cells [137]. This surface protein is
of particular interest as a diagnostic target due to its role in virulence and immunological
relevance, as it constantly evolving to escape the host immune system. While hemagglutinin
protein classification provides both diagnostic and epidemiological information, there is no
existing method for screening and detection of circulating viral strains at the point of care. We
have previously published the development of an assay using computationally designed affinity
proteins to bind HA, termed “binders™ [121]. These “designer” protein binders bind specific
epitopes on the hemagglutinin surface protein with higher affinity than traditionally used
antibodies [70], [75]. These binders have higher stabilities and lower production costs than
antibodies, enabling devices to be more robust and affordable. We have developed an assay
using these binders for the detection of intact influenza virus and HRP amplification, which we
want to integrate into a prototype device and validate with patient samples.

This chapter details the integration of an assay for the detection of the influenza virus
surface protein hemagglutinin (HA) into a modified 2DPN. The overarching goal of this aim is to
demonstrate the use of a novel 2DPN geometry for the integration of an enzymatic amplification
technique while optimizing overall assay performance. This work is divided into the three
following sections:

< Development of a 2DPN to effectively integrate enzymatic amplification
< Demonstration of long term stability of the protein binders on device
< Integration of the influenza assay into the novel 2DPN geometry to demonstrate detection

of intact virus from a spiked patient sample

4.2  MATERIALS AND METHODS

Recombinant hemagglutinin binder preparation. Two computationally designed
proteins were used for this work, both iterations of the head region binder (Trimer 11 and Trimer

11.2) [106]. The recombinant influenza HA binders were cloned, expressed in Escherichia coli,
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and purified using metal affinity chromatography using Ni-NTA resin that recognizes a C-
terminal His tag [70]. Thiolated versions of these binders were made by mutating a select amino
acid to cysteine to introduce a single thiol moiety for site-specific immobilization to a thiol-
reactive surface. This allowed for the direct conjugation of HRP to the head region binder, with a
range of 0 to 3 horseradish peroxidase (HRP) molecules conjugated to each binder using a
commercial conjugation kit (ThermoFisher, Waltham, MA, USA). All additions and mutations
were made to the recombinant hemagglutinin binders through the Rosetta software suite
(www.rosettacommons.org), which allowed minimal impact on the binding functionality of these
proteins.

Dipstick assay for hemagglutinin detection. A dipstick assay was used for high
throughput assay development and optimization. Test strips for the dipstick assay were made by
cutting nitrocellulose membranes (GE FF80 HP, GE Healthcare, Piscataway, NJ, USA) into 3
mm wide by 24 mm tall strips using a CO; laser cutter (VLS3.60, Universal Laser Systems,
Scottsdale, AZ, USA). Sets of four test legs were cut together and connected by a 6mm section at
the top of the device, enabling rapid batch assembly and processing. Protein solutions were
filtered through a centrifugal filter with a 0.2 pm nylon membrane (VWR, Radnor, PA, USA) at
8000g for 5 minutes before spotting. Head region binder was prepared at 0.62 mg/mL and anti-
HRP antibody (ThermoFisher) was prepared at 0.5 mg/mL. A piezoelectric printer
(sciFLEXARRAYER S3, Scienion AG, Berlin, Germany) was used to deposit capture proteins
onto the nitrocellulose membranes. Each line was made by the deposition of 12 spots of the
reagent, each of which were separated by 250 um, at 30 drops per spot and 450-500 pL per drop.
Each test line received approximately 300 nL of total protein solution. The spotted membranes
were stored overnight in the desiccator and were tested within 7 days. Influenza A virus of the
following strains was obtained from the International Reagent Resource (IRR), Solomon Islands
2006 HIN1 (FR331), Switzerland 2013 H3N2 (FR1416), Victoria 2011 H3N2 (1027). Influenza
B virus for the Yamagata (FR1373, FR1370) and Victoria (FR20, FR663) strains were also
obtained from the IRR.

The prepared nitrocellulose membranes described above were assembled into holding
cards with cellulose wicking pads to maintain consistent contact across the entire width of the
device. These comb-shaped devices were prepared the same day as the assay was run. Each

assay was performed using a 96-well plate, which had been preloaded with the reagents required
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for each step. Assay reagents were delivered sequentially by moving each test leg from one well
to the next when all 20 pL of each step was depleted from the well. Each step for the head region
binder assay consisted of the following reagents delivered in order (1) Sample containing
influenza virus or negative control (2) Wash (3) Head region binder directly conjugated to an
HRP molecule diluted to 100 nM (4) Wash (5) Amplification buffer with 0.0125% H,O; from
sodium percarbonate and 144 mg/mL of 3,3'-diaminobenzidine (DAB) as the substrate for HRP.
Phosphate-buffered saline (PBS) + 0.1% v/v Tween -20 (Fisher BioReagents #BP337, Thermo
Fisher Scientific, Waltham, MA) (PBST) was used as the wash buffer in all cases. All non-wash
reagents were diluted in a running buffer of PBST +1% w/v bovine serum albumin (BSA,
Sigma-Aldrich #A7030). The total assay before the optimization of wash steps took
approximately 58+5 minutes.

Two-dimensional paper network construction and testing. Prototype device “cards”
were comprised of layered plastic with a single-side adhesive (T-5501-10/1, Melinex, Fralock,
Valencia, CA, USA) used as backing and spacer layers. Glass fiber membrane (8964, Ahlstrom-
Munks;jo, Stockholm, Sweden) was used for the glass fiber and conjugate pad regions of the
network shown in Figure 1. Smm nitrocellulose strips were used for the assay region, and
cellulose (CFSP223, Merck Millipore, Billerica, MA, USA) for the wicking pad. Nitrocellulose
membranes were prepared similarly to the dipstick assay described above. Because the
nitrocellulose strips were 2mm wider on the integrated device, 20 spots of reagent were
deposited across the width of the strip instead of 12.

Glass fiber conjugate pads were prepared using a method previously published by our
group [42]. Pads were pre-blocked by soaking in a 10 mM phosphate buffered saline (PBS)
solution with 1% BSA and 0.01% Tween 20 for 30 minutes. Once blocked, pads were stored in a
desiccator at 25°C to dry overnight. A master mix was made containing 300nM Trimer 11.2-
HRP, 0.1% BSA, 4% trehalose 0.005M FeSO,4 and 0.01M EDTA. 20 uL of the master mix was
added to each pre-blocked conjugate pad (5 mm by 12 mm), and flash frozen in liquid nitrogen.
The frozen pads were then placed onto a lyophilizer at room temperature 24 hours before being
stored with desiccant until use.

Devices were run by the manual application of the wet assay components onto the
assembled device. Volumes of 70 puL, 100 uL, and 80 uL. were applied for the sample,

rehydration/wash buffer, and amplification buffer respectively. For the assays described here,
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colorimetric signal was generated by the precipitation of oxidized DAB. Device runs were
considered complete after all glass fiber on device no longer visibly contained liquid.

gRT-PCR. Quantitative reverse transcription polymerase chain reaction (QRT-PCR) was
used to determine the concentration of the different influenza virus stocks used in this chapter.
UltraSense One-Step Quantitative RT-PCR assay mix (Life Technologies, Carlsbad, CA) was
used with primer and probe sequences published previously [138], [139]. 20uL reactions were
run on CFX96 Touch (BioRad) using the following protocol: 50°C for 15 min, 95°C for 2 min,
followed by 40 cycles of 95°C for 15 s and 60°C for 55 s. Concentrations were determined using
a standard curve developed from influenza A RNA of known copy number.

Clinical nasal swab specimens. Clinical nasal swab specimens were acquired from
Seattle Children’s Hospital between January and March 2016 from pediatric patients with
suspected influenza infection after signed parental informed consent. Each nylon flocked mid-
nasal swab was collected in the hospital or emergency department and placed into 750 pL of
PBS, 0.05% Tween-20 and 0.01% sodium azide. The diluted nasal swab sample was used for
RT-PCR and immunoassay detection of influenza. In order to determine the minimum dilution of
nasal swab required for this device, diluted nasal swab samples were concentrated using a
protein concentrator with a molecular weight cut-off of SkDa (VivaSpin). Seattle Children’s
Hospital Institutional Review Board approved the sample collection and analysis of specimens.
Written consent was obtained from a parent or legal guardian, as approved by the Seattle
Children’s Institutional Review Board, with paper copies given to both a parent and maintained
under secure storage by the research team.

Fully integrated system for hemagglutinin detection. The base of the automated device
(Figure 4.3) was built from 1/4 inch black acrylic (8505K754, McMaster-Carr, Santa Fe
Springs, CA, USA) cut using a CO; laser into a 3.8cm by 7.4cm rectangle. An automatic,
saturation-dependent fluid transfer element (the “valve’) was designed to deliver the
amplification buffer after the first three assay steps were complete. To do so, water-soluble paper
(Water Soluble Paper, Edmund Scientific, Tonawanda, NY, USA) was placed above the
cellulose wicking pad between the wicking pad and the clear acrylic cover. This paper holds
closed a pinched ~10 mm length section of silicone tubing (STHT-C-093-2; Saint-Gobain,
Valley Forge, PA, USA) that prevents the flow of amplification buffer out of the cut off syringe

and onto the secondary membrane. As the water-soluble paper dissolves, the pinch is released,
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thereby allowing fluid to flow into the glass fiber pad below. The amplification buffer then flows
through the overlap junction and into the nitrocellulose test strip, Figure 4.8.

The device assembly is split into two main components — preparation of the 2DPN and
integration of the 2DPN into fluidic delivery system. Assembly of the 2DPN is described on
page 64. The 2DPN is integrated into the full device, which incorporates the pinch valve, water-
soluble paper, and lever arm to enable automated delivery of the amplification buffer. The
2DPN is placed onto a thick acrylic platform and screwed into the platform. The pinch valve
stopper is screwed through the 2DPN and the acrylic backing and a nut is used on the backside to
ensure that the stopper does not rotate during use. The lever arm is attached to the acrylic
platform via a peg at the fulcrum. A piece of water-soluble paper is wrapped around the end of
the lever arm and placed overtop the cellulose wicking pad. The pinch valve is then inserted
between the lever arm and the pinch valve stopper. The lever arm is held tight while a clear
acrylic piece is screwed into the platform such that it clamps down onto the spy paper and the
wicking pad. Finally, small ports are added to the sample and buffer inlet ports and secured with
adhesive.

Signal quantification and analysis. For the assays described here, colorimetric signal is
generated by the precipitation of DAB. All membranes are scanned at 48-bit HDR color, 600 dpi,
gamma=1 using a desktop scanner (Perfection V700 Photo Scanner, Epson, Long Beach, CA)
while the membranes were still wet. The blue channel of the RGB scanned image was used for
quantification. All reported signal intensities were quantified using a previously-published
custom script in MATLAB (MathWorks, Natick, MA, USA) [108]. This script computes the
average pixel intensity in a region of interest manually drawn around the test line. This value is
then normalized based on computed average pixel intensity of a region directly downstream from
the test line, resulting in a series of values between 0 and 1 which represent the minimum and the
maximum respectively.

All significance testing utilized Welch’s t-test, which is also known as a Student’s t-test
with unequal variances, and a significance threshold of 0=0.05. The limits of detection (LODs)
were calculating using the signal intensity quantified as described above, looking specifically at
the 5% chance of false-positive signal and false-negative signals. This was then mapped to the

associated HA concentration using a four-parameter logistic curve, with the data presented
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alongside a 95% confidence interval for each estimate. All statistical comparisons were

performed using the open-source statistical package R (64 bit, version 3.3.2) [140].

4.3 RESULTS AND DISCUSSION

43.1 Development of a 2DPN geometry to integrate enzymatic amplification

In the last chapter, we described the development of a series of assays for the detection of
the hemagglutinin protein from the influenza virus. Of the assays developed, the assay using
head region binder for both capture and detection was demonstrated for its ability to bind native
hemagglutinin from influenza virus of both the HIN1 Solomon Islands 2006 and H3N2
Switzerland 2013 strains. The most sensitive assay relied on horseradish peroxidase (HRP) and
3,3’ diaminobenzidine (DAB) for the amplification of a binding event at the test line. Variations
of this multi-step assay have previously been integrated into the 2DPN format; therefore we
sought to use that expertise for the development of a prototype device for the detection of
hemagglutinin. The first step towards a prototype device required that we determine the order
and number of steps required for optimal assay performance. This assay requires the sequential
delivery of the sample and HRP-binder conjugate as the capture and detection binders target the
same epitope on the influenza hemagglutinin. During assay development, we included two wash
steps, one after the delivery of sample, and one after delivery of the HRP conjugate. If possible,
we wanted to reduce the total number of steps that needed to be integrated into the integrated
2DPN. In testing the two wash steps separately, we found that the second wash, between the
delivery of the HRP conjugate and the amplification buffer, containing both DAB and hydrogen
peroxide, lead to equivalent performance of the assay (Figure 4.4).

The first attempt for integrating this assay used the traditional 2DPN format using a
folding card containing each of the four required assay steps, Figure 4.5. The volumes used in
this assay were selected based on previous work developing a 2DPN for the influenza
nucleoprotein [37]. Initial validation using dye demonstrated the successful delivery of all four
steps across a test region (Figure 4.5B), and identified the optimal membrane choices for each
step. We found that fusion 5 was the best membrane to pull reagents from the glass fiber source
pads into the nitrocellulose test region, which was used for all tests shown below. Fusion 5

allowed for effective separation of each step, while limiting the overall assay time to under an
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hour. Once the assay chemistry was integrated into the 2DPN, we discovered challenges getting
the positive test line to appear in the presence of influenza virus, Figure 4.5C,D. The primary
source of these challenges was the loss of reagents to the device before the test line, which can
be seen on both the positive and negative controls. This reagent loss is due to the contact of HRP
and DAB before the test line, over a significant distance of Fusion 5. In addition to reagent loss,
we also found that fluid did not flow evenly across the width of the test region, which was due to
the shape of the corners in the 2DPN. This problem could be solved by creating rounded corners
or through the introduction of a flow regulator [130], [141]. However, we decided to take a
different approach to the integration of enzymatic amplification in a way that increased overall

assay performance by delivering the amplification buffer orthogonally.
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Figure 4.4. Optimization of wash steps.

(A) Schematic depicting the assay to be integrated, using head region binders for capture and
detection of the influenza virus (B) Wash step optimization, with normalized pixel intensity and
representative test strips with all four conditions, no wash, with the first wash step (after sample),
second wash step (after conjugate) and both washes. Molecular components are not drawn to

scale.
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Figure 4.5. Traditional 2DPN developed for the integration of the HRP assay.

Includes a drawing of the assay schematic (A), fluidic validation using dye (B), and integration
of the enzymatic amplification assay demonstrated with a negative control and influenza virus

(C,D).

Recent advances in the understanding of fluid flow in paper microfluidics have shown
that understanding partial saturation effects are critical to describing fluid flow in paper
microfluidics [53]. Controlled partial saturation effects enable the assay developer to sequence
fluid delivery using material choices, and allow for the design of devices which can control flow
rates of subsequent assay steps independently. This understanding of membrane wetting and
fluid flow has enabled the integration of more complex fluidic handling into paper microfluidic
approaches. Other applications of this phenomenon include automated DNA extraction and
concentration from large sample volumes and an automated dilution series for downstream
immunoassay detection [53]. While the traditional 2DPN has been used for enzymatic
amplification within porous matrices, the traditional 2DPN architecture required the

amplification chemistry, the last assay step, to flow through a long section of paper.
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Figure 4.6. Drawing of 2DPN device.
Dimensions are shown in mm. The 2DPN components consist of glass fiber, nitrocellulose, and

cellulose as shown in Figure 4.7.

A Device geometry B Membrane overlap

= 274 fluidic path
= Amplification buffer
= |
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Sample, conjugate and wash

Materials:

M Wwicking pad C Cross section of membrane overlap
Glass fiber path
Nitrocellulose test strip

1* fluidic path { > |

B Conjugate pad

Figure 4.7. 2DPN for orthogonal delivery of amplification buffer.

(A) The device consists of a cellulose wicking pad, primary and secondary glass fiber fluidic
paths, a glass fiber conjugate pad, and a nitrocellulose test strip. The membrane overlap between
the first and second fluidic paths enables delivery of each set of fluids orthogonally (B), where
the second fluidic path is only activated when the automatic release mechanism delivers the

amplification buffer to the glass fiber strip (C).

58



Prototype devices have been designed to automate the steps for enzymatic amplification
in a controlled manner. Enzymatic amplification has been used to improve sensitivity in lateral
flow assays, however the additional steps required for the assay increase the overall complexity
of the end device. Previous devices to automate the delivery of enzymatic amplification have
relied on delivery of each subsequent step over the region of the step before. While these devices
have been demonstrated in the literature [53], there is some degree of reagent loss along the
device before the test line. In addition, the fluid resistance increases with the length of the
membrane through which that flow must pass. By forcing the last reagent to flow through the
entire downstream paper network, the time to assay completion increases, while limiting the
ability to individually tune assay steps. We thereby aimed to deliver amplification buffer across

the test line orthogonally after the sample, conjugate, and wash steps were complete.

% [" 5%
t=3 Con]ugate&./ —4AmphﬁcatLo

and wash steps ~ buffer applied = ———__ O | t=5 Test line deVelopmentO

Figure 4.8. Automated delivery of assay on device with food coloring.

(t=0) device before the beginning of the assay (t=1) sample applied to the sample pad (t=2)
conjugate rehydration by wash buffer (t=3) conjugate and wash buffer delivered across the test
lines (t=4) amplification buffer applied after the water-soluble membrane releases the pinch

valve (t=5) the test line develops as the amplification buffer is applied to the tests line.
Orthogonal delivery was accomplished using an overlapping section of glass fiber

membrane, which has larger pores and lower suction pressure than the nitrocellulose assay

membrane. This allows exploitation of partial saturation to create two distinct, independently
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controllable fluidic paths, Figure 4.7. This fluid phenomenon has been previously demonstrated
for use in processing large fluid samples, like urine [54]. The device is activated by the addition
of the sample, wash buffer, and amplification buffer to their respective ports by the user. The
solution addition steps, specifically wash and amplification buffers, can be simply automated in a
commercial product [142]. The first three solutions are delivered sequentially in the traditional
manner: the sample, rehydrated conjugate solution, and wash buffer respectively. When a
sufficient volume of fluid has moved into the wicking pad, water-soluble paper in contact with
the wicking pad dissolves and releases the arm pinching the tubing preventing amplification
buffer flow. This releases the amplification buffer into the glass fiber, which subsequently flows

through the detection strip. Images of this process using food coloring are shown in Figure 4.8.

A Fluidic release B Sample, conjugate || C WS paper breaks, | | D Amplification
mechanism and wash steps pinch valve opens buffer release

{

WS paper Lever arm

Figure 4.9. Schematic describing fluidic release on device.

Amplification buffer delivery using the novel paper network geometry involving two dissimilar
porous materials and pinch valve. The membrane overlap between the first and second fluidic
paths enables delivery of each set of fluids orthogonally. The device uses water-soluble (WS)
paper surrounding a lever arm that holds a pinch valve close (A). The first three steps; sample,
conjugate, and wash steps, are delivered across the primary fluidic path (B). As the wicking pad
wets, the water-soluble paper that is placed in contact with it wets until the force of the lever arm
overcomes the strength of the paper. This leads to the release of the lever arm and opening the
pinch valve (C). Open, the amplification buffer is delivered via the secondary fluidic path and

onto the nitrocellulose test membrane (D).
This device uses a paper-based fluid delivery system to automatically deliver the

amplification buffer to the test line at the right time, after the sample, conjugate, and wash buffer

steps are all complete. Once the cellulose wicking pad wets a defined amount, water soluble
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paper in contact with the wicking pad as shown in Figure 4.9 dissolves enough to lose tensile
integrity, ripping due to the force applied by the pinch valve arm holding the silicone tubing
closed. The pinch valve arm can then rotate, enabling the amplification buffer to pass through the
silicone tubing and be delivered to the test line through 2nd glass fiber fluidic path. The location,
width, and length of the water-soluble paper can be adjusted to tune the release of the
amplification buffer. Optimization of these parameters are shown in Table 4.2. For the final
dimensions of the prototype device, release of the amplification buffer occurred at 29.4+ 3.6

minutes.

Figure 4.10. Integration of enzymatic amplification into the designed prototype device.

Images showing the automated delivery of each of the assay steps across the test region, as
shown with food coloring the represent each step. (t=0) device before the beginning of the assay
(t=1,2) sample applied to the sample pad and conjugate rehydration by wash buffer (t=3)
conjugate and wash buffer delivered across the test lines, as the glass fiber pads can be seen to
drain of fluid (t=4) amplification buffer applied after the water soluble membrane releases the
pinch valve (t=5) the test line develops as the amplification buffer is applied to the tests line,

shown in the bottom right.

After demonstrating the delivery of each assay step in a sequential manner using the
prototype device, we tested the HRP assay by pipetting each required step into their respective
locations and allowing the assay to run. Initial tests using this geometry were highly successful,

shown in Figure 4.10. The test line and control line, which consisted of an anti-HRP antibody,
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both appeared visibly across the entire width of the nitrocellulose test strip. The initial geometry
was selected based on the ability to sequentially deliver reagents in the correct order without
leaking of the amplification buffer, which occurs when the nitrocellulose test strip is short. We
also tested longer lengths of nitrocellulose, anticipating that a longer test strip will slow down
flow enough to increase the sensitivity of the assay. However, we found that there was no
statistically significant difference in the performance of the two lengths of nitrocellulose tested,
Figure 4.11. This suggests that the shorter nitrocellulose length is preferred, because it leads to
equivalent performance of the assay within a shorter time. There was one device that had flow
issues, leading to a significant increase in the average time and overall standard deviation,

however this was due to errors in assembly that could be easily addressed.

Table 4.2. Optimization of pinch valve for amplification buffer release.
By varying the width of water-soluble (WS) paper release, the timing of delivery of

amplification buffer varies between 21 and 40 minutes.

WMW‘
Rep 1 23 29 48
Rep 2 23 28 47
Rep 3 17 24 39
Rep 4 24 31 33
Rep 5 18 35 37
|
Average 21 294 40.8
Std Dev 2.898275349  3.611094017  5.810335619
Percent deviation 13.8% 12.3% 14.2%
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Figure 4.11. Effect of nitrocellulose length on assay performance.

Negative control Virus

(A) Scanned images of representative tests for each length, both long and short nitrocellulose
length for positive (virus) and negative controls, (B) Normalized pixel intensity for the short and
long devices with negative control and virus, and (C) the total time required for the short and

long devices.

In 4.3.1, we have demonstrated a new geometry that uses the orthogonal delivery of
amplification buffer to increase performance of an assay using enzymatic amplification. This
new geometry, taking advantage of the capillary pressure in different materials, limits the
distance over which the two reactive elements of this assay (HRP and DAB) to the test window.
As we limit this distance, we saw an improvement in the overall performance of the assay. The
following sections in this chapter will build upon this success, demonstrating the long-term
stability of proteins when stored on device (4.3.2), and characterizing the total assay sensitivity

on device and successful detection of virus from patient samples (4.3.3).
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4.3.2  Long term stability of protein binders

Traditional laboratory tests are difficult to run at the point of care due to their need for
refrigeration and trained personnel to run the assay successfully. One of the major advantages of
lateral flow assays are their ability to be implemented at the point of care, whether at a doctor’s
office or out in the field, with the automated delivery of each reagent that has been dried on the
device itself. Depending on the assay, any number of the following components need to be stored
on the device: biomolecules, such as antibodies, proteins, enzymes, and nucleic acids, buffers,
and labeling agents such as gold nanoparticles and fluorophores. Each of these components has
their unique challenges. For example, RNA can be hydrolyzed when stored improperly, whereas
proteins have the tendency to denature or unfold when exposed to extreme temperature or pH.
Long-term stability is a critical property for any lateral flow assay, as it ensures that the assay
works properly after transportation and storage at ambient conditions. For the development for a
2DPN for the detection of influenza virus, the long-term stability of the biomolecules used for
capture and detection is extremely important. This section will explore the storage of two
biomolecules necessary for the success of the influenza assay; the capture binder that is spotted
at the test line and the detection binder stored in the conjugate pad. In the case of the capture
binder, it is critical that the protein stays put and retains function. For the detection binder, on the
other hand, it is important that the reagent can be rehydrated and flow downstream, while

retaining function of both the binder and the enzyme it is conjugated to.

Lyophilized RTG in GF Speed vacuum RTG in GF

\ < y

Figure 4.12. SEM images of glass fiber dried with RTG stabilizer mixture.
These membranes were prepared using either lyophilization (left) or speed vacuum (right).

Images taken by Dr. Joshua Buser.
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Specific methods for dry reagent storage in porous matrices include air drying, oven
drying, vacuum drying, and lyophilization. Not only do these methods vary in their complexity,
they also lead to differences in the structure of the reagents once fully dry, Figure 4.12.
Lyophilization is one of the more commonly used methods for long term storage of protein
solutions, often used for the conjugate pad, consisting of separate freezing and drying steps [46].
Stabilizers are often required in conjunction with these methods because the stresses involved in
freezing and drying can lead to specific stresses that influence the stability of a protein [143].
Sugars and sugar alcohols are commonly used to stabilize proteins, such as sucrose, dextrose,
and trehalose. There are a few schools of thought when it comes to protein stabilization.
Specifically, it is believed that protein stabilization works due to vitrification, where a glassy
cocoon physically protects a protein from abiotic stress, preferential exclusion, where reduction
in the protein radius is accomplished by isolating water molecules away from the proteins, and
water replacement, where hydrogen bond formation with the protein replaces water molecules
with a sugar stabilizer [144]-[146].

In this section, we aimed to study the effect of different sugar stabilizers on the overall
stability of the capture binder when spotted onto nitrocellulose. The four stabilizers tested were
dextrose, sucrose, trehalose, and the proprietary Ready-To-Go (RTG) manufactured by GE.
While RTG is proprietary, searches into the patent literature suggest that the sugar used in the
mixture is melizitose. Trehalose, one of the most commonly used sugar stabilizers for
biopreservation, is typically used for a number of applications due to its high glass transition
temperature. Table 4.2 highlights some of the important properties of these sugar stabilizers,
including the category, chemical formula, and glass transition temperature.

For the test line, we have previously demonstrated a high degree of success using air
drying to immobilize the protein binder onto a nitrocellulose membrane. Because these proteins
are highly thermostable, the addition of heat during oven drying would not influence the
structure of the protein as it dries. However, had not yet explored the role that sugars play in the
stability of the binder over time. With our collaborators at GE and PATH, we carried out a long-
term stability study of the capture binder when stored in the presence of trehalose, dextrose,
sucrose, and a proprietary GE product known as Ready To Go (RTG). Protein binder was striped

at GE in the presence or absence of a sugar additive before being stored at either 30 or 40°C in a
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controlled humidity room for up to 4 months. Simultaneously, our collaborators at PATH were

completing a study with antibodies used as capture for the influenza nucleoprotein.

Table 4.3. Sugars used in the capture stability study.
The table depicts the category of sugar, chemical formula, glass transition temperature, and
structure of each sugar. While we do not know the specific sugar(s) used in the RTG system, we

have included a trisaccharide for comparison. Sources: [147], [148].

Dextrose Sucrose Trehalose Melezitose
Category Monosaccharide  Disaccharide Disaccharide Trisaccharide
Chemical Formula  C¢H;,04 C,H5,044 CoH5,044 Ci5H35046
Tg (°C) 36 60 107 160
Structure HO
OH
(@) OH
OH O-

(0]

HO o)
CHZOH H; OH
CHZOH \ oH HO
OH
HO OH OH CHZOH I 0
OH

OH

The initial time point, Day 0, was intended to set a baseline from which to compare all
future testing of these membranes. It provided additional information about the effect of specific
additives on the ability of head region binder to function as capture. We cannot state definitively
whether the additives affected the long-term adsorption of the head region binder to the test line,
though this can be easily tested by using a protein stain on membranes that have not been tested.
One of the biggest differences between the membranes lined at GE and those prepared here at

UW is the thickness of the line width. With the GE membranes, we see more of a coffee ring

effect, with binding primarily at the edges of the test line. For the membranes we spotted at UW,

we instead see consistent binding take place cross the entire thickness of the line. Though their
lining methods were optimized for ideal visualization of an antibody-based test line, it appears
that this is not the ideal method for this particular assay. At Day 0, the performance of three
conditions, no additive, trehalose, and sucrose, led to equivalent results for both the virus and
negative control cases, Figure 4.13. Alternatively, the presence of dextrose or RTG led to a

complete loss in signal in the positive controls for both sets of strips. This suggested that these
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two sugars blocked the adsorption of the capture binder or binding of the analyte to the capture

binder at the test line.

Day 0 time point
No additive Trehalose Dextrose Sucrose RTG
+ - + - + - + - + -

m Virus ¥ Negative Control

0.18
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0.12

0.1
0.08
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LLak.

no additive trehalose dextrose sucrose RTG

Normalized Pixel Intensity

Figure 4.13. Day 0 of the capture storage stability study.

All conditions were run with an influenza virus concentration of 6.25 x 10’ CEIDso/mL. Includes
scanned images and normalized pixel intensity. Demonstrates the influence of trehalose,
dextrose, sucrose, and RTG on assay performance at the start of the study. All conditions were

run with an n=3, and images were scanned at 600 dpi.
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Figure 4.14. Storage stability study of head region binder by additive.

The five storage conditions include (a) no additive (b) sucrose (c) dextrose (d) trehalose (e)
Ready-to-go (RTG). All conditions were run with an influenza virus concentration of 6.25 x 10’
CEIDso/mL. The figure legend shows the two conditions tested, with both positive (virus) and
negative controls. Depicted on each graph are the normalized pixel intensities calculated from

scanned images of the test strips at 600 dpi. All conditions were tested with an n=3.
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Over the course of the stability study, we found that the ‘no additive’ case lead to the best
performance. This is demonstrated by the consistency in signal, maintaining the degree of signal
and low background in the negative control at each time point and at both storage temperatures.
Trehalose was the best performing sugar additive over the course of the time study, showing
similar results as compared to the no additive case. Over time, the dextrose, sucrose, and RTG
membranes all began to see a higher degree of non-specific signal on the negative control. This
data suggests that the no additive case, which involved spotting membranes with the head region
binder without the presence of an additive, is the most promising due to superior performance
while simultaneously minimizing the manufacturing complexity. The head region binder is
designed to be highly thermostable, with stability demonstrated up to 80°C in aqueous form,
which is advantageous for the integration and design of point of care assays using these binders.
The results from all time points organized by additive are shown in Figure 4.14. According to
the standardized scorecard created by HIV researchers to better evaluate point of care diagnostic
tests, this would rate our assay in the top category as stability is maintained when stored at 40°C
for a minimum of three months [149].

Once we had demonstrated the stability of the head region binder as capture, the next step
was to develop a storage protocol for the conjugate used in this assay. We are using an HRP
conjugated directly to the head region binder via maleimide chemistry, therefore we need a
storage solution that maintains the integrity of the entire conjugate, which includes the enzymatic
activity of HRP. Building from previous work using an antibody-HRP conjugate, we started with
a preservation protocol that used 0.1% BSA, 0.01M EDTA, 0.01M FeSOy4, and 10% trehalose
that is combined with the conjugate and lyophilized in a glass fiber pad [42]. Each of these
additives plays a separate role in the stability mixture. For example, BSA serves as a sacrificial
protein for the blocking of the glass fiber membrane, and any other membrane connected to the
pad. The first required test was to determine the concentration at which the conjugate should be
stored in the glass fiber conjugate pad. Testing a range of concentrations of head region binder
conjugate with the starting concentration of the other additives, we found that the 300-1000 nM
concentration range lead to comparable results, Figure 4.15. However, none of these
concentrations performed as well as the fresh head region binder, likely due to flow issues and

the loss of protein to the fluidic path.
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Figure 4.15. Concentration optimization of head region binder-HRP conjugate.

Optimizing primarily with the test line in mind (left), we found the optimal concentration of
conjugate to be around 300 nM based on the difference in signal between the negative and the
positive. At the control line (right), we found that higher concentrations of conjugate led to lower
signal in the presence of virus. The normalized pixel intensity was calculated for both the test

line and control line. All conditions were tested with an n=4.

For the concentrations of BSA, EDTA, and FeSO,, previous optimization found the
optimal range of Fe-EDTA to be between 0.005 and 0.2 M [42]. Even though the glass fiber
membranes were pre-blocked with BSA, the addition of BSA in the dry storage mix as well
helped reduce the loss of conjugate to the membrane. We chose to use the same concentrations
for iron, EDTA, and BSA as was previously optimized in the antibody based HRP system. One
important note regarding EDTA and FeSOy is their stoichiometry in the conjugate pad mixture.
EDTA serves to chelate iron sulfate, and the lack of EDTA leads to false positives at the test line,
as seen in Figure 4.16. We found that it only appears at the test line, and not throughout the
membrane itself, suggesting that the iron is interacting with the head region binder adsorbed on
the test line, causing it to pile up at that location. Therefore, when DAB is added into the system

the iron can oxidize the DAB into its precipitated form.
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Figure 4.16. Troubleshooting false positives during dry storage optimization.

Scanned devices used to troubleshoot the false positives by looking at each reagent involved in
the dry storage mix. Tested solutions included (A) just the head region binder-HRP conjugate
(B) head region binder HRP conjugate with 0.005M FeSO4 (C) head region binder HRP
conjugate with 0.005M FeSO4 and 0.01M EDTA.

The final optimization step for the conjugate pad dry storage mixture required a closer
look at the concentration of trehalose. Previously published work used a 4% trehalose in the dry
storage mix, however optimization of the concentration of trehalose for long term storage
remained necessary. Because trehalose has been demonstrated to stabilize proteins, suppress
auto-oxidation of DAB, and facilitate rehydration, we wanted to test a larger range of trehalose
concentrations to determine the optimal concentration for this assay [42], [150], [151]. Over
time, tests with and without trehalose have demonstrated the need for trehalose at a minimum of
4%(w/v). However, when membranes are lyophilized and tested after storage at room
temperature for a day, we found that the concentration of trehalose in the dry storage mix does
not lead to a significant difference in the performance of the assay, in the positive or negative
control, Figure 4.17. This is consistent with our understanding of dry storage, that trehalose
helps to stabilize the HRP enzyme when stored at high temperatures for long periods of time.

The capture stability study done on the head region binder suggests that the protein itself
is reasonably stable, even when stored at high temperatures. Therefore, the goal for the conjugate

storage mix is to maintain the overall HRP activity. The first is that head region binder, which
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has been designed to be highly thermostable, might not need that additional stability of the sugar
during the dry storage process. The capture stability study done on the capture head region
binder when adsorbed onto nitrocellulose suggested that this might be the case, as the presence
of trehalose does not enhance the assay performance. Because the lowest tested concentration of
trehalose was sufficient for assay performance, the conjugate pads used in the final device will

be made with 4%(w/v) of the stabilizing sugar.
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Figure 4.17. Trehalose optimization on device.

Optimization of the concentration of trehalose included in the dry storage mixture prior to
lyophilization. Scanned images (at 600 dpi) and normalized pixel intensity of the test and control
line on these devices were run to test the effect of trehalose concentration in the dry storage mix.
Four concentrations of trehalose were tested, 0, 4, 8, and 10% with both virus and PBST with an

n=3 for each concentration.
In this section, we have described the development of dry storage protocols for the

capture and detection binders used in the influenza assay. For the capture binder, we found that

the protein is stable enough to be spotted and stored in nitrocellulose without the need for sugar
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additives. The detection binder required further optimization because of the need for effective
rehydration and to stabilize the HRP enzyme. We found a dry storage mix that included specific
concentrations of FeSO,4, EDTA, BSA, and trehalose lead to the best performance of the assay,

which could then be integrated into our final device.
4.3.3  Anintegrated device for the detection of the influenza hemagglutinin

With the fluidics and the dry storage protocols developed, the next step was to integrate
each of these pieces into a final device. The four-step assay for the detection of the influenza
hemagglutinin was integrated to the device shown in Figure 4.1, with dry reagents stored in the
conjugate pad and at the test and control lines. As demonstrated in 4.3.1, the orthogonal delivery
of the amplification buffer led to an increase in the overall signal intensity as compared to more
traditional 2DPN designs. A limit of detection analysis, comparing the performance of the device
to the traditional dipstick format, found an improvement in the performance of this enzymatic
amplification assay on device, Figure 4.18. The limit of detection for the device was calculated
to be 4.45 x 10 TCIDso/mL (95% CI: [2.29 x 10,6.26 x 10%]) on device, as compared 1.15 x 10’
TCIDso/mL (95% CI: [7.56 x 10% 2.18 x 10°]) for the dipstick format.

While the total assay time required for the dipstick averaged 54 +/- 3 minutes, the device
delivers larger volumes across the test line in 41 +/- 4 minutes. Therefore, the device decreases
the total time to result for this complex assay while maintaining assay performance. One major
difference between the dipstick and the device assay is the volume of sample. The volume used
on device, 70 puL, was the amount required to cover the nasal swab; alternatively, the standard 20
puL was used for sample delivery in the dipstick format. Directly comparing the same volume
between the two assay formats, we found comparable results in significantly less time, requiring
94 minutes to run the dipstick format with 70 uL. of sample. When corrected for volume, the
LOD on device was statistically similar as compared to the dipstick format, with a steeper slope
of the concentration curve, Figure 4.19. Not only does this enable processing of larger volumes
of nasal swab sample with comparable limit of detection, the steeper slope of the concentration
curve translates to improved analytical sensitivity, as defined by the International Union of Pure

and Applied Chemistry (IUPAC) [152].
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Figure 4.18. Limit of detection analysis on device.

Includes direct comparison between the device (black) and dipstick (blue) formats. (A)
Schematic of the assay stack, molecular components are not drawn to scale. (B) Representative
scans of device test strips and normalized pixel intensity for the assay run on device and in the
dipstick format. The limits of detection were found to be 4.45 x 10* TCIDso/mL (95% CI: [2.29 x
10%,6.26 x 10°]) and 1.15 x 10* TCIDs¢/mL (95% CI: [7.56 x 10%, 2.18 x 10°]) in the on device
and dipstick formats respectively. The solid lines indicate the calculated LOD, while the dashed

lines indicate the 95% confidence interval. Data points are mean + standard deviation, n=6.

The quantification of influenza virus in a sample or stock solution has traditionally been
characterized using infectious units, protein amount or activity, or RNA content. In this work we
report influenza virus infectivity using two different units: tissue culture infectious dose 50%
endpoint (TCIDs¢/mL) or chicken embryo infectious dose 50% endpoint (CEIDso/mL). However,
the magnitude of these infectivity units is dependent on the cell line the viruses were grown in
and the cell line used to determine infectious titer. Clinical influenza virus loads in
nasopharyngeal washes have been reported to peak at 10° to 10’ TCIDso/mL [153]. By RNA
copy number, the virus load in nasopharyngeal washes have been found to range between 10°

and 10" copies/mL for HIN1 and 10° to 10°® copies/mL for H3N2 [154]. The correlation of
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different units used to characterize the influenza virus will vary depending on the virus strain and

the cell line used for growing the virus.
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Figure 4.19. Limit of detection by TCIDS50.

Determination of the limit of detection for the device (blue) and dipstick (orange) assays for
virus amount (TCIDsy) instead of concentration, as shown in Figure 4.18. Normalized pixel
intensity for the assays run on device and in the dipstick format. The limits of detection were
found to be 31.22 TCIDsq (95% CI: [16.03, 43.82]) and 23 TCIDs¢/mL (95% CI: [15.12, 43.6])
in the on device and dipstick formats respectively. The solid lines indicate the calculated LOD,
while the dashed lines indicate the 95% confidence interval. Data points are mean + standard

error, n=6.

As discussed in 2.3.2, the assays for HIN1 and H3N2 were found to yield statistical
LODs of 1.35 x 10’ CEIDsy/mL and 1.11 x 10’ CEIDs¢/mL respectively, with 95% confidence
intervals of [7.26 x 10°,1.90 x 107] and [6.85 x 10°, 1.50 x 10"], Figure 3.11. These results are
consistent with the gold nanoparticle based assay for detection of HIN1, with a sensitivity
improvement that can be attributed to enzymatic amplification. Due to the need to source a larger
quantity of influenza virus, the assay for HIN1 was tested with a new stock of virus grown in
Madin-Darby Kidney cells (MDCK) and was found to have a statistical LOD of 1.15 x 10°
TCIDso/mL, with a 95% confidence interval of [7.56 x 10%, 2.18 x 10°]. The variation in LOD

between virus stocks suggested the need for further characterization of the virus samples. To do
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so, RNA copy number was determined for each virus stock using qRT-PCR, and the LODs by
copy number were found to be statistically similar, Figure 4.20. With the LOD of 1.15 x 10’

TCIDso/mL, this assay is capable of detecting the lowest clinical range during peak infection.
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Figure 4.20. Limit of detection by RNA amount.

Viral RNA amount was determined using qRT-PCR for each source of virus. The limits of
detection for these three virus strains were found to be statistically similar, as depicted by the
LOD (line) and 95% CI (dotted line). The LODs are 2.91 x 10’ copies/uL [1.80 x 107, 3.94 x
107],2.96 x 10" copies/ul [1.59 x 107, 4.17 x 10"], and 2.10 x 10" copies/uL [1.38 x 10", 3.98 x
107] for the H3N2, HIN1 source 1, and HIN1 source 2 respectively. The H3N2 and HIN1
source 1 virus stocks were obtained from the Influenza Reagent Resource. HIN1 source 2 was

grown in the Bloom lab at the University of Washington.

Nasal swabs are most commonly used for the detection of influenza virus from a patient
presenting with influenza-like illness [155]. Because true sensitivity of a diagnostic requires that
known concentrations of target analyte are tested in the context of a clinical sample, it is crucial
to validate the head region binder assay in a complex sample matrix. Nasal swab samples contain
a wide variety of proteins and other components that might interfere with the hemagglutinin
assay, including albumin, antibodies and mucins [156]. Initial testing with nasal swab samples
was completed with influenza negative patient samples received from Seattle Children’s hospital

during the 2015-2016 flu season. This testing demonstrated two primary modes of failure for the
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assay; poor flow of the viscous sample within the porous network and non-target binding on the
test line. To address both modes of failure, we explored dilution with a sample buffer containing
surfactant (Tween 20) and 1% BSA to reduce the effect of the nasal swab sample by improving
flow and reducing non-target binding respectively.

Using a serial dilution of patient sample, we found that high concentrations of the
influenza-negative patient sample lead to assay failure. This was primarily due to a combination
of problems with solute and solvent transport to the test line. Due to the viscosity of the nasal
swab sample at high concentrations, the analyte and conjugate both were becoming trapped
where they first met the nitrocellulose membrane. However, a 10-fold dilution was sufficient to
regain assay performance, Figure 4.21. This is the equivalent of placing the nasal swab into a

tube with 700 pL of buffer.
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Figure 4.21. Testing the HA assay with spiked patient samples.

Flu HA assay tested with virus spiked into nasal swabs that tested negative for influenza.
Graphical representation of the patient sample dilution (A) and normalized pixel intensity of the
test strips tested with decreasing concentrations of patient sample (B). Data points are mean +

standard deviation, n=4.
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Dilution of nasal swab samples showed signal restoration after a 10-fold dilution of
influenza negative nasal swabs spiked with influenza virus. 1X represents a swab diluted into 70
uL of PBS, the volume required to cover the entire swab. As the patient sample is diluted, signal
begins to be restored at the 1/10X dilution, which translates to 700 pL of PBS. This is
significantly less dilution than the current standard, which involves dilution in approximately 3
mL of universal transport medium (UTM) or other buffer [157]. A ten-fold dilution of the nasal
swab is significantly less than the dilution currently required for commercially available tests for
the detection of the influenza nucleoprotein [114]. However, the dilution of sample does lead to a
reduction in the concentration of analyte delivered to the test line. Future work will involve the

investigation of preparation techniques to treat nasal swabs samples that limit overall sensitivity

losses.
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Figure 4.22. Spiked patient samples tested on device.

The device was tested with influenza virus spiked into nasal swabs samples that tested negative
for influenza, at 6.32 x 10° TCIDso/mL for 70 pL of sample. Representative scans of the devices
run (A) and normalized pixel intensity of these scans (B) are shown. Negative patient samples

were run with n=3, and spiked patient sample was run with n=4.

Negative nasal swab samples spiked with the 2006 Solomon Islands strain of influenza A
virus were run on the automated prototype device using the 10-fold dilution factor determined in
Figure 4.21. The automated delivery of these reagents led to successful detection of influenza
virus spiked into a human nasal sample, Figure 4.22. This prototype device fully automates the

delivery of a multi-step enzymatic assay, demonstrating sensitive detection of influenza virus
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within an average of 45 minutes. Not only does assay performance increase on device, we
demonstrate that minimal sample preparation is necessary for detection from a complex sample.
We have herein demonstrated the successful integration of an automated paper microfluidic
device to detect influenza virus in a nasal swab sample.

Specific detection of hemagglutinin is useful for epidemiological tracking, to inform
clinical treatment, and as a companion diagnostic. However, there is currently no commercially
available test to detect this viral glycoprotein. We believe the hemagglutinin protein is an ideal
target for influenza detection. As the hemagglutinin protein undergoes a high degree of antigenic
drift due to pressure to evade the host immune system, targeting this protein enables
characterization of these viral mutations in a way other protein assay, specifically the
nucleoprotein, are otherwise unable. Not only does this viral glycoprotein provide information
about the virus, detection of the hemagglutinin protein has the potential to simplify the design of
a point of care device. By targeting the readily available viral surface protein in our device, we
limit the need to integrate complex sample preparation steps, such as solubilization and

purification, into the microfluidic system.

4.4  CONCLUSIONS AND FUTURE WORK

This aim describes the development of a novel 2DPN device architecture to integrate the
all binder-based influenza assay. This architecture relies on recent advances in the understanding
of flow in porous materials to introduce a secondary fluidic path using a material with different
pore sizes and capillary pressure. Sub-aim 4.3.1 describes the development of a 2DPN that
integrates enzymatic amplification in a manner that improves assay performance over the gold
standard, dipstick method. Long-term stability protocols for the protein binders were also
demonstrated, for both the capture and detection binders in sub-aim 4.3.2. Lastly, the full assay
was integrated into the novel 2DPN geometry to demonstrate the detection of intact influenza
virus from a spiked patient sample in 4.3.3. We believe this to be the first demonstration of an
integrated prototype device for the detection of hemagglutinin from intact influenza virus.

The thermostability of these binders makes them ideal for point of care applications. By
retaining their function without the need for complex storage protocols, they introduce the
possibility for simplified manufacturing and storage. Antibody stability is typically enhanced

with the use of additives, however there remains a small class of antibodies that undergo surface
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induced denaturation upon adsorption to a surface [158]. Aptamers, an alternative affinity
reagent to binders and antibodies, have long been touted for their stability over long periods of
time at various temperatures. While our binders are incapable of unfolding and refolding in the
same manner as aptamers, their performance under high temperatures suggest that they maintain
their structure sufficiently even under more extreme conditions. The implications of such
stability are huge, as it opens the door for more stable molecular reagents that can be
incorporated into point of care diagnostics.

Lateral flow assays are often restricted in their ability to integrate more complex
chemistries within their simple one-dimensional architecture. While the traditional 2DPN
addresses some of these concerns, there are limitations related to control over timing and
interaction of reagents before reaching the test region. The device architecture demonstrated here
reduces the potential for unwanted interaction between the three reactive species, HRP, H,O, and
DAB, upstream of the test region. In addition, the device takes into account the different timing
constraints for each step, allowing sufficient time for analyte and conjugate binding while then
delivering the amplification buffer orthogonally with more control over reagent concentrations
and flow rates. By taking into consideration the needs for each step of this complex assay, the
integrated device outperforms the conventional dipstick assay without requiring user input or
timing. This work demonstrates the possibility for fully integrated, sensitive enzymatic assays
that can be used for detection at the point of care.

The proof of concept, microfluidic device described in this chapter proved successful for
the detection of influenza virus from spiked nasal swab samples. Future work with this device
will focus on adapting the design for longer-term storage stability studies and testing with
suspected influenza positive nasal swab samples. In addition, new iterations of this paper-based
microfluidic device can be adapted to other multistep analytical assays that are currently limited
in their use at the point of care. By enabling the integration of these more complex assays into
automated, paper-based device, we believe it will open the door to more sensitive and specific

diagnostics that can be easily implemented at the point of care.
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Chapter 5. MODULAR DESIGN OF ASSAY STACKS USING
COMPUTATIONALLY DESIGNED PROTEINS

5.1 BACKGROUND

In Chapter 3, we described the development of the first lateral flow assays using
computationally designed proteins. Through this process, we learned many lessons along the way
regarding assay development with these novel proteins. One of the hardest lessons we learned
was the importance of effective immobilization for each designed protein. Computationally
designed proteins, unlike antibodies, do not always adsorb to nitrocellulose easily. As our
collaborators developed smaller, more robust de novo proteins, the need for a universal
immobilization system became more critical as they were less likely to adsorb to nitrocellulose.
The application of cellulose binding domain (CBD) proteins has long been demonstrated in the
literature as an immobilization mechanism for immunoassay development [157]-[161]. Despite
its ubiquity as a lateral flow assay membrane, the development and use of nitrocellulose binding
proteins is much more rare. Our group has previously identified nitrocellulose binding proteins,
and carried out preliminary work integrating these proteins into lateral flow assays [162]. After
screening a handful of globular proteins for adsorption for nitrocellulose, the strongest adsorber
(D1) was fused to the hemagglutinin stem region binder and used in a lateral flow assay. Using
this approach, the immobilization of computationally designed proteins that did not naturally
adsorb to nitrocellulose became possible.

While the fusion proteins demonstrated some success for the detection of hemagglutinin,
we sought to develop an approach that enabled the modular assembly of our proteins. Modular
assembly, also described as “plug and play”, would enable us to attach our different assay
components together after expression. For our specific application, this would allow us to
independently express and validate our nitrocellulose binder and antigen binding binder.
Modular assembly limits the possibility for differences in expression or folding that can occur
when two proteins are combined and expressed together as a fusion protein. In addition, modular
assembly allows for simplified assay development as the antigen-binding component can be

easily switched out and applied to a different target or to a mutated version of the antigen in
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question. While this can be accomplished using streptavidin and biotin for either the capture or

detection antibody, we hoped to identify a solution that could be used for both simultaneously.
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Figure 5.1. Map of total cases for the 2014-2016 Ebola virus outbreak.
New cases are indicated by red or orange dots in the respective geographical locations. Source:

World Health Organization [165].

In this sub-aim, we will describe the application of this approach to the Ebola virus, the
filovirus responsible for 28 outbreaks since 1976 [163]. The current outbreak in the Democratic
Republic of Congo has led to 591 confirmed cases and 357 deaths as of the 26™ of December,
2018 [164]. The largest Ebola outbreak ever recorded, which spanned from 2014-2016 in West
Africa, led to more than 28,600 suspected deaths and over 11,300 deaths over the course of two
years [165]. The countries primarily affected by this outbreak included Guinea, Sierra Leone,
and Liberia, Figure 5.1. While Ebola outbreaks have been occurring since the 1970s, there is
believed to be an increased probability in recent years for Ebola outbreak due to changes in the
way that the Ebola virus interacts with humans. Specifically, changes in the size of urban and
rural populations and how connected these populations are is believed to have increased the

probability of another Ebola outbreak [166], [167]. Considering the number of lives lost, along
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with the estimated $2.2 billion lost in GDP for 2015 alone, the overall impact of an Ebola
outbreak is quite large.

Ebola virus outbreaks are particularly scary because of the speed and severity of
symptoms that occur. Symptoms of infection with Ebola virus can include fever, fatigue,
headache, aching muscles or joints, vomiting, diarrhea, abdominal pain, unexplained hemorrhage
and weakness [168]. Infection with this virus is deadly, often leading to multiple organ failure
and septic shock between 6-9 days after the symptoms first appear [169]. The virus is transmitted
through contact with bodily fluids, including blood, urine, saliva, sweat, feces, breast milk, and
semen [170]. While the most contagious during infection, the most recent outbreak produced
data demonstrating that the virus can remain dormant in semen, breast milk, ocular fluid, and
spinal column fluid up to months after a person has recovered from Ebola Virus Disease (EVD)
[171]-[175]. The epidemiological risk factors for EVD range from exposure to bodily fluids to
being in close contact with an infected patient briefly, however any contact with a symptomatic
person carries some risk [168]. While humans are the primary reservoir for Ebola virus, fruit bats
and nonhuman primates also serve as an animal reservoir [170]. The percent mortality rate for
Ebola virus varies based on species, ranging anywhere from 25-90% [169]. The high mortality
rate, combined with the ease of transmission, makes it particularly challenging to halt
transmission of the virus.

There are five known species of Ebola virus, Zaire, Sudan, Cote d’Ivoire, Reston, and
Bundibugyo, however only three (Zaire, Sudan, and Bundibugyo) have led to outbreaks in
human populations [169]. As a filovirus, Ebola virus also carries some similarities to Marburg
virus, which has caused outbreaks as recently as the 2014 outbreak in Uganda [176]. The
genome for Ebola virus contains information to encode seven genes; the nucleoprotein (NP),
glycoprotein (GP), matrix protein (VP35), nucleocapsid proteins (VP40, VP30, and VP24) and
Polymerase (L), Figure 5.2 [169], [177]. VP40 and 24 are responsible for protein assembly, viral
budding, and to block the immune response, while VP 30 is responsible for RNA transcription
[178]. Our work is focused on the development of lateral flow assays for the readily accessible
viral surface glycoprotein (GP). Not only is this protein easily accessed at high quantity on the
viral membrane surface, but it also plays a primary role in virulence, making it a particularly

attractive target for lateral flow assay development.
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Nucleocapsid Proteins

Polymerase (L) Protein

Figure 5.2. Drawing of Ebola virus structure.
The seven proteins encoded in viral RNA are shown to the right, with a detailed drawing of how

they assemble on the left. Image is not to scale. Source: David Goodsell [177].

The viral glycoprotein (GP) is composed of two components, GP1 and GP2, which
assemble to form the trimeric GP1/2, Figure 5.3. GP1 and GP2 play different roles in infection;
GP1’s primary role is in cell-surface attachment, while GP2’s primary role is in fusion of the
viral and host cell membranes [179]. Together, the GP1/2 protein plays a crucial role in the
infection process by impacting the cell attachment and fusion process. The majority of
therapeutic and vaccine approaches for Ebola virus have focused on targeting or mimicking this
particular protein, due to its role in virulence and accessibility on the viral surface. Similar to our
work with the influenza virus described in Chapters 3 and 4, we believe this protein is an optimal
target for the development of a lateral flow test. In addition to the trimeric viral glycoprotein
(GP) that exists on the surface of the viral membrane, the Ebola virus also secrets a version of
the glycoprotein (sGP). sGP is a dimeric form of the GP protein that has been found in high
quantities in the blood of infected Ebola patients [180], [181], and is believed to act as a decoy
protein during infection due to the quantity of antibodies in sera that preferentially recognize sGP

over GP [182], [183].
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GP1

Figure 5.3. Crystal structure of Ebola GP1/2.

Side (A) and bottom (B) views of the GP1/2 protein. Three GP1 subunits are identified by three
shades of blue, while the three GP2 subunits are identified in grey. KZ52, a neutralizing antibody
found to bind the GP1/2 protein, is shown in yellow. Source: [184].

Our collaborators in the Baker lab have developed a protein that binds specifically to the
GP1/2 protein on the Ebola virus surface, Figure 5.4. This protein, named “ZX”, targets the base
region of the GP protein. This is a similar location to neutralizing antibodies identified for the
Ebola virus, including KZ52, and the c2G4 and c4G7 antibodies in the neutralizing antibody
cocktail for Ebola virus, ZMapp [185]. While originally developed as a therapeutic binder to
behave in a broadly neutralizing manner, this protein contains a number of characteristics ideal
for use in lateral flow. ZX 1s a 27kDa protein that is both highly thermostable, with stability up to
95°C, and high affinity, with a Kp of 50nM [186]. In addition, the protein is grown in yeast,
making it both easy and inexpensive to manufacture. Similarly to the stem region binder
discussed in Chapter 3, this protein has the potential to lead to highly sensitive lateral flow

assays.
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High affinity binder (ZX)
Figure 5.4. High affinity binder for Ebola GP1/2.

The ZX protein (magenta) was designed to target the base region of the GP protein. As a trimeric
protein, there are three available epitopes for binding (blue, grey and orange), and either

neutralization or capture, of ZX to GP1/2.

A point of care test for Ebola virus would help minimize spread of the virus, particularly
in the event of another outbreak. Clinically, filovirus infection, and Ebola virus infection
specifically, is difficult to differentiate from other febrile illnesses [187]. Historically, clinical
management of EVD patients has been quite variable, though often included fluid monitoring
and IV fluids [187], but also included anti-malarial drugs and antibiotics due to the similarity in
symptoms. Specific therapeutic and vaccine efforts have made progress, however there remains
the need for a sensitive, specific diagnostic for Ebola virus [185], [188], [189]. In the 2014-2016
outbreak in West Africa, the WHO and its partners showed that vaccination of contacts of an
infected person was highly effective [190]. This process, known as ring vaccination, is the only
effective vaccination strategy with effectiveness data found for Ebola virus to date [191]. An
inexpensive, easy to use diagnostic to rapidly identify infected people and quickly provide
treatment and vaccination for their contacts could help minimize the overall spread of the virus.

Diagnosis of infection with Ebola virus has historically been through the isolation and
growth of the virus, but in recent years the primary target for detection has been viral RNA

[192]. There are at least 10 RT-PCR assays that have been approved by either the WHO or the
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FDA for detection of Ebola virus from patient samples. However, PCR requires laboratory
infrastructure, electricity, and highly trained laboratory technicians. Despite attempts to increase
overall laboratory capacity and throughput, the largest number of tests run per day on the
GeneXpert real time PCR system was approximately 64 with two laboratory personnel [193].
While this might be sufficient for some contexts, this requires significant infrastructure that
might be difficult to develop in the event of an outbreak. While their use has been somewhat
limited, antigen specific ELISAs and LFAs have been developed for protein targets including
NP, VP40, and GP [192]. Three LFAs for Ebola antigen detection have been commercialized;
the OraSure Ebola test, ReEBOV Antigen Rapid Test, and the SD Q Line Ebola Zaire Ag, Table
5.4. The OraSure Ebola Rapid test, with its high sensitivity and specificity, suggests that LFAs
are capable of detecting the vast majority of Ebola cases. Ebola RDTs, however, could still
benefit from the low cost and high thermostability that are enabled by the integration of
computationally designed proteins.

This chapter will describe work towards the development of a lateral flow assay for the
development of the Ebola GP using the novel ZX protein. In an attempt develop a method for
modular assembly of the assay stack, Sections 5.3.1 and 5.3.2 describe the identification of
nitrocellulose binders that can be used to immobilize the ZX protein. Section 5.3.3 describes
progress towards a full assay stack for the detection of the GP1/2 protein. The work described in
this chapter, while it is the first use of an Ebola specific computationally designed binder in a
diagnostic platform, also introduces methods to allow for more rapid, modular assembly of

lateral flow assays.

Table 5.4. Summary table for Ebola RDTs.
Sensitivity and specificity testing was done by the WHO as a part of their emergency use
assessment [194]-[196].

Ebola RDT Manufacturer Antigen target Sensitivity Specificity
Q Line Ebola SD Biosensor Inc NP, GP, and VP40 84.9% 99.7%
Zaire Ag

OraSure Ebola OraQuick VP40 94.12% 100%
Rapid Test

ReEBOV Antigen Corgenix VP40 91.8% 84.5%
Rapid Test
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5.2  MATERIALS AND METHODS

Lateral flow challenge. The lateral flow challenge is a method developed by Dr. Carly
Holstein and Dr. Gina Fridley to analyze the strength and speed at which a protein adsorbs in
order to more accurately compare a range of computationally designed materials with different
properties, as shown in Figure 5.5. Devices are then assembled in holding cards with cellulose
wicking pads the day of testing. Half of the membranes are challenged with 1 mL of PBST,
which is the buffer used in all wash steps of our assay, while the other half are left dry until
staining. All membranes are then stained with Ponceau S stain in 10% methanol for 10 minutes,
followed by two wash steps in DI water for 2 minutes each. These membranes are then

immediately transferred to a piece of white printer paper and scanned at 600 dpi.

No-flow control Fast Med  Slow

Spot Spot size
protein relates to o e /o)
on NC O @ > rate of -
adsorption
O Protein stain

Strong Med  Weak
Spot intensity
after LF

O|—— | @] 5 relatesto
strength of @ |
adsorption

Lateral flow challenge

Figure 5.5. Schematic drawing of the lateral flow challenge.
This includes the flow challenge and general interpretation of the protein stain. Figure adapted

from Dr. Gina Fridley and Dr. Carly Holstein.

We utilized the full protein spot analysis method as a rigorous and holistic testing
mechanism for the analysis of protein adsorption on nitrocellulose. This method utilizes
nitrocellulose strips cut to 0.8 cm in width and 5 cm in height that have protein spots deposited

on them at a very precise volume of 1000 droplets at 450-500 pL per droplet in a controlled
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chamber at ~50% relative humidity and ~68°F ambient temperature. A control spot of the same
volume was deposited using red food coloring diluted using a 1:10 ratio in distilled water. This
control spot was assumed to maintain minimal interaction with the membrane and therefore
served as a visual display for the full area that was wetted by the applied volume, which will be
referred to as the full wet out area. The membranes were stored overnight in a desiccator to
enable full adsorption to the membrane before all further testing. These membranes were then
spotted with the modified nitrocellulose binding protein, named 21k8 superpos, with three
replicates for this and all other test cases. The concentration of the protein was found to be 0.24
mg/mL for 2kI8 superpos by nanodrop the day of testing. Two additional controls were used in
this experiment, the original D1 protein before modification and a monoclonal antibody to aid in
the estimation of adsorption speed, which were tested at 1 mg/mL and 0.2 mg/mL respectively.
Half of the membranes were challenged with 5 mL of PBST, which is the buffer used in all wash
steps of our assay, while the other half were left dry until staining. All membranes were then
stained with Ponceau S stain in 10% methanol for 10 minutes, followed by a wash step in DI
water for 2 minutes. These membranes were then immediately transferred to a piece of paper and
scanned at 600 dpi.

Computationally designed proteins. The majority of proteins in this chapter were
manufactured by the Institute for Protein Design (IPD), unless otherwise stated. Recombinant
glycoprotein (sGP and GP1/2) was manufactured by the Molecular Design and Therpeutics lab
(MDT) at the Fred Hutchinson Cancer Research Center. The Ebola specific computationally
designed binder (ZX) was expressed in E. coli and purified by immobilized metal affinity
chromatography using an Ni-NTA column and size exclusion chromatography. Synthetic gene
constructs of ZX with N-terminal fusion to SpyCatcher were expressed and purified using the
same method. Proteins screened for nitrocellulose adsorption are described in more detail in
Table 5.6, were also expressed in E.coli and purified using an Ni-NTA column. The nanobody-
like proteins generated by the Gu lab were expressed in the periplasm of E.coli as His tagged
proteins. These proteins were partially purified using osmotic shock, followed by immobilized
metal affinity chromatography with Ni-NTA biosensors. All proteins were stored at 4°C until
use.

Protein conjugation. Proteins containing SpyCatcher and SpyTag were conjugated by

combining a molar excess (2X) of SpyTag containing protein with the SpyCatcher protein and
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allowed to incubate at room temperature overnight. Excess SpyTag in the reaction was removed
using a 7kDa molecular weight cutoff ZebaSpin desalting column (ThermoFisher Scientific,
Waltham, MA, USA). In one experiment, the conjugation was completed under lateral flow by
running the same molar concentration of SpyTag-Au across the IPD14028 test line. SpyTag was
conjugated to 40 nm gold nanoparticles using the InnovaCoat Gold Maleimide Conjugation Kit
(Expedeon, United Kingdom). Sug of SpyTag-cysteine was combined with the Maleimide
Reaction Buffer and Diluent and mixed with the lyophilized gold material. The reaction was
allowed to incubate at 25°C for 30 minutes, after which the reaction quencher was added. The
final conjugate was then spun at 9,000g for 6 minutes to complete a buffer exchange and remove
unconjugated SpyTag. Horseradish peroxidase conjugation of the D1 protein used the
maleimide-activated horseradish peroxidase commercial conjugation kit (ThermoFisher,
Waltham, MA, USA). D1 protein underwent buffer exchange into PBS using a desalting column
(P10-GE) and was incubated with the maleimide-activated HRP for 6 hrs at 25°C and for another
8 hrs at 4°C, and stored at 4°C until use.

Ebola Assay - Membrane Preparation. Capture proteins were immobilized to
nitrocellulose membrane strips (CN95, Sartorius, AG) using a piezoelectric printer
(sciFLEXARRAYER S3, Scienion, AG), depositing 12 spots at 30 drops per spot and 450-500
pL per drop. Protein solutions were filtered through a centrifugal filter (0.2 um nylon membrane,
VWR) before spotting. Nitrocellulose binding streptavidin (GWB-43A5FD, GenWay Biotech) or
anti-Ebola antibody were spotted on nitrocellulose at Img/mL. Anti-Ebola antibodies tested were
cl3c6, KZ52, and C6DS8 (IBT Bioservices, Rockville, MD, USA). Each test line received
approximately 300 nL of solution. The spotted membrane strips were assembled into a comb
device for ease of use, with 20 uL of each solution pre-loaded into a 96 well plate.

Ebola Glycoprotein Detection Assays. For membranes spotted with anti-GP1/2
antibody, each strip was moved from one well to another to apply the following solutions in
order: (1) 250 nM of biotinylated ZX mixed with known concentration of GP1/2, (2) PBST wash
with 1% BSA (w/v), (3) 1.25 OD streptavidin gold nanoparticle, (4) PBST wash with 1% BSA.
For the inverted set up, membranes spotted with nitrocellulose binding streptavidin were moved
from one well to another to apply the following solutions: (1) 250 nM of biotinylated ZX mixed
with known concentration of GP1/2, (2) PBST wash with Img/mL biotinylated BSA to block
unbound biotin binding sites, (3) 100 nM anti-GP1/2 antibody (c13c6), (4) PBST wash with 1%
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BSA (w/v), (5) 1.25 OD of gold conjugated anti-mouse Ab, (6) PBST wash with 1% BSA (w/v).
Once all reagents were delivered across the test region, the membranes were scanned at 600 dpi
(Perfection V700 Photo Scanner, Epson, Long Beach, CA) while the membranes were still wet.
The green channel of the RGB scanned image was used for quantification.

Signal Quantification. All reported signal intensities were quantified using a previously
published custom script in MATLAB (MathWorks, Natick, MA, USA) [56]. For the limit of
detection analysis, a concentration range from 0.08 to 200pg/mL of GP1/2 protein was tested. A
four parameter curve fit was generated using the signal intensities calculated, and the limit of
detection was calculated using a method that looks specifically at the 5% chance of false-positive
signal and the 5% chance of false-negative signal [108]. This method generates the limit of

detection alongside a 95% confidence interval.

5.3 RESULTS AND DISCUSSION

5.3.1 Computationally designed nitrocellulose binders

Immobilization of antibodies to nitrocellulose is most often through direct adsorption of
the antibody. As novel molecular recognition elements are developed, the mechanism by which
the protein or aptamer is immobilized is something that needs to be carefully considered.
Similarly to how universally antibodies can be immobilized to nitrocellulose through adsorption,
we sought to develop a universal immobilization for the computationally designed proteins that
we work with. Previous work by Dr. Carly Holstein had tested a number of hypotheses as to the
mechanism behind adsorption to nitrocellulose. Adsorption appeared to be primarily influenced
by the pH of the solution in which the protein was spotted, and the isoelectric point (pI) of the
protein itself [56]. Initial screening of five different globular proteins and a helical bundle
identified two different candidates for a universal nitrocellulose binder, the Design 1 and 3-helix
proteins [56].

While the 3-helix protein did not express well as a fusion protein due to issues with
protein folding, the Design 1 (D1) protein was expressed as a fusion to the influenza stem region
binder and tested in a lateral flow assay for hemagglutinin, Figure 5.6. Holstein demonstrated
that the length of the linker between the stem region and paper binders did not significantly

impact the overall assay performance, while the purification process appeared to play a
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significant role [56]. While all three fusion proteins worked well for the detection of
hemagglutinin under lateral flow, the performance of these assays never quite reached the
sensitivity of the streptavidin capture. In order to improve assay performance, we sought to

modify our nitrocellulose binding proteins to improve adsorption to nitrocellulose.
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Figure 5.6. Fusion proteins for the detection of HA.

Three fusion proteins were tested, with two different linker lengths and purification protocols,
(A). The linker length did not appear to impact the overall performance in the flu assay (B),
however the purification process significantly impacted the overall assay performance. Data

from the thesis of Dr. Carly Holstein [56].

Adsorption is a process governed by entropy. When a protein adsorbs to a surface, there
is entropy gained from the release of water molecules ordered at the surface, as well as from
structural rearrangements that happen inside the protein [197]-[199]. As mentioned above, the pl
and the pH both influence the adsorption behavior of a protein to a surface. If a protein is spotted
at or near the pl, the protein exhibits a net neutral charge, allowing higher packing densities on a
surface because of a reduction in electrostatic protein-protein interactions [200]. Similarly,

electrostatics play a role in the interaction between the protein being spotted and the surface.
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When the protein and surface have opposite charges, the movement of the protein to the surface
is accelerated thereby leading to an increased rate of adsorption [200]. With this understanding,
we wanted to take advantage of the fact that nitrocellulose is naturally negatively charged.
Building from the success of the D1 protein, we introduced positively charged residues into the
protein in a manner that did not affect the overall structure (2kl8 superpos). As a control, we
added positively charged residues to a similar protein, though one that had not previously been
tested using the lateral flow challenge (2mq8 superpos). A description of each protein, including

the original 2kl8 and 2mq8 can be found in Table 5.5.

Table 5.5. Positively charged nitrocellulose binding proteins.

Protein Name Size (kDa) pl Size (AA) + residues - residues
2kI8 (D1) 10.19 6.29 86 15 11
2KkI8-superpos 10.91 10.20 &9 14 2

(NCB1)

2mq8-superpos 12.77 11.18 111 17 8

(NCB2)

The size of a protein spot with respect to the full wet out area represents the relative
speed at which adsorption to the membrane occurs. A quickly adsorbing protein will have a spot
that is significantly smaller than the full wet out area as demonstrated by the red food coloring.
This is because the protein adsorbs to the membrane at a faster rate than the rate at which the
protein solution wicks through the membrane. In addition to the speed of adsorption, the relative
robustness of adsorption of the protein was tested using a lateral flow challenge. The degree of
protein stain compared before and after challenge enabled the relative robustness of protein
adsorption to be observed, as a strong adsorber will not be stripped from the membrane under
those wash conditions. We found that the positively charged D1 protein is able to bind much
more rapidly and robustly than the original D1 protein, Figure 5.7. This supports our hypothesis
that the isoelectric point is one of the main contributing factors in protein adsorption to
nitrocellulose. The small diameter for the 2kI8 superpos is indicative of a very rapid adsorption

to nitrocellulose, as shown in Figure 5.5. Additionally, the exposure to SmL of PBST does not
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strip away the protein from the place it was spotted. This suggests that the protein also adsorbs

robustly to the membrane. This protein was patented under US patent number US1527650 [201].

Monoclonal antibody Original D1 protein 2mq8_superpos 2klI8 superpos

Wash Wash Wash Wash

Figure 5.7. Lateral flow challenge of positively charged nitrocellulose binders.

Red food coloring was used to demonstrate the total wet out area, the monoclonal antibody
served as an adsorption speed indicator, and the original D1 protein served as a direct
comparison for the newly modified paper binder. All images on the left hand side were stained as
is, and the images on the right were challenged with SmL of PBST before staining. The dotted

line depicts the wet out area as determined by the red food coloring.

There are two major challenges with using fusion proteins in an LFA. First of all, fusion
proteins are generally more challenging to express than individual binding components due to
their increased complexity. Specific challenges include failure to express entirely, or successful
expression with subsequent folding issues. The connection between the two proteins fused
together is not as stable as the proteins are individually, leading to a significant loss in overall
stability. Additionally, the presence of another protein in the fusion can have an effect on protein
folding. The second major challenge with this approach is that is requires that the entire fusion
be made individually for each use case. For example, you could not use the same protein as both
the capture and detection entities. As an example, we tried flowing our paper binder across a

nitrocellulose test strip and found that it adsorbs to nitrocellulose under flow, Figure 5.8.
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Figure 5.8. Adsorption of paper binder under lateral flow.

Nitrocellulose binder (D1) labeled with HRP was flowed across a nitrocellulose test line
containing influenza head region binder (details about this protein can be found in Chapter 3).
Schematic (left) and three technical replicates (right) show adsorption of nitrocellulose binder to

nitrocellulose under lateral flow.
5.3.2  Modular assay stack assembly using spy catcher and spy tag

The challenges described in 5.3.1 encouraged us to look for alternative ideas that would
enable us to more modularly build assay stacks using computationally designed proteins. While
biotin and streptavidin are commonly used to build assay stacks in lateral flow and other
applications, we hoped to use a protein pair that formed a covalent attachment between the two
proteins. A covalent attachment would allow for conjugation of the protein components for both
capture and detection, which we would not be able to do with biotin and streptavidin.
SpyCatcher and SpyTag are engineered proteins modified from the Streptococcus pyogenes
CnaB2 protein that spontaneously form an intramolecular isopeptide bond [202]. By splitting
CnaB?2 into two individual peptide components, named SpyCatcher and SpyTag, they can be
expressed on separate binding proteins. When the binding proteins are mixed in solution, they
form an isopeptide bond and can be used in the same manner as the fusion proteins described in
5.3.1, Figure 5.9. The reaction between SpyCatcher and SpyTag is both rapid and robust, with
40% of product produced within the first minute and occurring under a variety of different

conditions (changes in pH, buffer composition, etc) [202].
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A SpyCatcher and SpyTag B  Application to binders

SpyTag Ebola binder mixed with
SpyCatcher paper binder at RT
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Figure 5.9. Schematic describing use of SpyCatcher and SpyTag.
The irreversible isopeptide bond that forms between SpyCatcher and SpyTag occurs
spontaneously (A), and can be used in a plug and play manner to generate “fusion” proteins, (B).

Source: [202]

While the majority of applications of this conjugation system are centered around drug
delivery and vaccine development [203]-[205], there have been publications describing
applications ranging from industrial biocatalysis to diagnostic applications [206]-[208].
Specifically for diagnostics, a recent manuscript by Park et al described the use of SpyCatcher
and SpyTag to create fusions between their peptide of interest and single stranded DNA (ssDNA)
with sensitivities as low as 5 nM in complex sample matrices [207]. In each of these examples,
this conjugation approach facilitates more rapid design and development because the various
components can be combined in a “plug and play” manner.

The original paper binding proteins were not designed with either the SpyCatcher or
SpyTag component. In order to utilize the benefits of this modular assembly system, we needed
to attach one, or both, peptides to our paper binder. However, we found that when we attached
SpyCatcher, a 15 kDA protein, to our paper binding proteins, they no longer adsorbed strongly to
all three nitrocellulose membranes tested, Figure 5.10. Based on our previous understanding of
electrostatics, we believe change in theoretical pl, as determined from the amino acid sequence

by ExPASy, from 10.9 to 8.91 for the SpyCatcher fusion protein affects the rate and strength of
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adsorption. SpyTag containing nitrocellulose binders, on the other hand, did not express well.
Because SpyTag is a smaller peptide, with just 13 amino acids, it can insert itself into other areas

of a protein and dramatically impact protein folding.

NCB1-SC NCB2-SC RFC
Wash Wash

FF8OHP

HF135

HF 120

Fusion 5

GF 8964 it

Figure 5.10. Effect of SpyCatcher on nitrocellulose adsorption.

Proteins were hand spotted onto nitrocellulose (FF8OHP, HF135 or HF120), Fusion 5, or glass
fiber (GF8964) and tested for adsorption using the lateral flow challenge. NCB1-SC and NCB2-
SC refers to SpyCatcher containing versions of 2mq8-superpos and 2kl8-superpos respectively.

Red food coloring (RFC) was used to measure the total wet out area.

These results brought us back to the drawing board. Not only did we need a protein that
would stick to nitrocellulose, but we also wanted a way to easily attach this protein to our high
affinity protein binders. Our collaborators in the Baker lab had expressed and purified
SpyCatcher and SpyTag containing cage components that self assembled and in order to express
specific proteins of interest on the surface. Starting from this large library of SpyCatcher
containing proteins, we screened for their adsorption to nitrocellulose, Fusion 5, and GF 8964,
Figure 5.11 and 5.12. Through these screens, we were able to identify one protein in particular

that adsorbed well to our porous materials, named IPD 14028.
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Figure 5.11. LFC for spy catcher containing proteins, part 1.

Proteins were hand spotted onto nitrocellulose (FF80OHP), Fusion 5, or glass fiber (GF8964) and
tested for adsorption using the lateral flow challenge. C47-r5 SC, C3-SC, 53-47 SC, and C33-r4
SC all are cage components developed by the Institute for Protein Design at the University of

Washington. Red food coloring (RFC) was used to measure the total wet out area.

IDP 14028 IDP 13994 IDP 13697 50A RFC
Wash Wash Wash Wash
FF8OHP
Fusion 5
GF 8964

Figure 5.12. LFC for spy catcher containing proteins, part 2.

Proteins were hand spotted onto nitrocellulose (FF80OHP), Fusion 5, or glass fiber (GF8964) and
tested for adsorption using the lateral flow challenge. IPD 14028, 13394, and 13697 all are cage
components developed by the Institute for Protein Design at the University of Washington. S0A
is an individual component of IPD 14028. Red food coloring (RFC) was used to measure the

total wet out area.
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IPD 14028 is a fusion protein containing three different components; a monomeric
streptavidin, SpyCatcher, and a cage component named “50A”, Figure 5.13. Interestingly, the
theoretical pl of this protein is 5.30, which suggests that adsorption of this protein does not
follow the same convention as our previously demonstrated nitrocellulose binding proteins.
Testing of the cage component within IPD 14028 (50A) suggested that SOA plays a large role in
the adsorption of this protein to nitrocellulose, Figure 5.12. Additional testing of SpyCatcher-
50A found that without the presence of monomeric streptavidin, the fusion protein did not adsorb
as robustly to nitrocellulose as IPD 14028.

With a SpyCatcher containing nitrocellulose-binding protein, we then sought to generate
fusion proteins containing our nitrocellulose protein and a peptide of interest. For initial testing,
we attached a preliminary version of the Ebola binding protein for GP1/2, IPD 14676. We also
attached two recombinant GP1/2 proteins, MDT 386 and 337, both of which were expressed with
the SpyTag peptide. Recombinant proteins MDT 386 and 337 are Ebola Mayinga strain GP1/2
and ManoRiver sGP proteins respectively. We found that on its own, IPD 14676 does not adsorb
well to any of the nitrocellulose membranes we tested (HF120, HF135 or FF80HP), Figure 5.14.
Once attached to our paper binder, IPD 14028, we saw rapid and robust adsorption to
nitrocellulose. We saw similar performance for paper binder attached to recombinant GP/12
proteins, 386 and 337. These results were promising, and suggested that we could use IPD 14028

for immobilization of any designed protein as long as it contained the SpyTag peptide sequence.

IPD 14028

Figure 5.13. Molecular structure of IPD 14028.
IPD 14028 is a fusion protein containing three primary components, monomeric streptavidin
(magenta), S0A (blue) and SpyCatcher (green). 14028 has a molecular weight of 51.87 kDa and

a theoretical isoelectric point of 5.30.
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Nitrocellulose Ebola NC-Ebola NC-GP1/2 NC-sGP fusion
binder binder fusion fusion

IPD 14028 IPD 14676 14028-14676 14028-386 14028-337
Wash Wash Wash Wash Wash

HF 120
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Figure 5.14. LFC for paper-binder containing conjugates.

Graphical depiction of each protein is shown above. Proteins were hand spotted onto
nitrocellulose (HF120, HF135, or FF80HP), Fusion 5, or glass fiber (GF8964) and tested for
adsorption using the lateral flow challenge with PBST. IPD proteins were developed by the
Institute for Protein Design at the University of Washington, and MDT 386 and 337 were
developed from the MDT lab at the Fred Hutchinson Research Center.

In an attempt to improve the adsorption of our fusion protein to nitrocellulose, we
introduced a heated incubation step for the nitrocellulose membranes after spotting. For most
antibodies, the addition of a heated incubation step can help facilitate adsorption [209]. We
found, however, that the adsorption of the fusion protein does not improve with the introduction

of a heated incubation step, Figure 5.15. Alternatively, the adsorption of an Ebola GP1/2
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specific antibody (KZ52) demonstrates slight improvement after the heated incubation step when

spotted on HF120. There is no significant difference between KZ52 spotted on FFSOHP.

14028-14676 conjugate Antibody (KZ52)
RT 40C RT 40C
FFROHP
HF120
Wash Wash Wash Wash

Figure 5.15. Effect of heat incubation on adsorption of NCB conjugates.

Proteins were hand spotted onto nitrocellulose (FFS8OHP or HF120) and tested for adsorption
using the lateral flow challenge with PBST. Half of the membranes were placed in an oven at
40°C for 1hr after spotting, after which all membranes were placed in a desiccator to dry

overnight.

With data supporting that fusion proteins containing IPD 14028 adsorb strongly to
nitrocellulose, we sought to use this fusion as the capture entity in a lateral flow assay. With our
paper anchor conjugated to the ZX binder, we saw very faint signal at 500 nM of antigen, Figure
5.16. Of the three different forms of recombinant GP1/2 tested, it was only the IBT GP1/2 that
led to results that were significantly different than the negative control. These results were
promising, but suggested that there was significant development needed to improve the overall
assay performance. However, while there was room for further optimization with this assay to
improve sensitivity, we started to encounter issues with the IPD 14028 protein. This particular
protein consists of three different proteins that are fused to one another, and we found that over
time this protein started to fall apart. In addition, expression of this protein was “hit or miss”,
complicating the manufacturing process. For both of these issues, we believe the problems to be
directly associated to the success of this protein as a nitrocellulose binder. The traits that
facilitate adsorption, including the readily available hydrophobic domains, to nitrocellulose
directly contributed to the instability of the protein and the expression difficulties. We therefore

decided to seek another alternative for this project for the short term.
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Figure 5.16. Initial lateral flow assay testing with paper binder fusion protein.

Paper anchor (IPD 14028) was attached to an early version of the Ebola GP1/2 binder ZX (IPD
14676) using SpyCatcher and SpyTag, with anti-Ebola antibody (KZ52) and secondary gold
labeled antibody used to visualized at the test line (A). Three different recombinant GP1/2
proteins (MDT 248, MDT 249, and IBT) were tested at 500 nM with an n=3 for each condition,

(B). Nitrocellulose membranes were scanned at 600 dpi.

The fusion proteins shown in Figures 5.14 and 5.16 were conjugated prior to spotting
onto nitrocellulose. The modular assembly approach will be more useful if the conjugation can
occur under lateral flow. This would allow us to add the capture and detection components in the
conjugate pad. In doing so, we see two added benefits. Firstly, the test strip would remain the
same independent of the target of interest thereby simplifying the manufacturing process and
enabling more rapid assay development. Secondly, the increased interaction time during flow
from the conjugate pad to the test line could potentially increase overall analyte captured. To test
the conjugation of SpyCatcher and SpyTag under flow, we spotted IPD 14028 onto nitrocellulose
and flowed across SpyTag conjugated to a gold nanoparticle, Figure 5.17. As a control, we
blocked the available SpyTag by conjugating the gold nanoparticle with a SpyCatcher containing
protein. The three proteins tested were the ZX binder, and #7 and #21, nanobody-like proteins
developed by the Gu lab at the University of Washington to bind GP. This preliminary data
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suggests that the reaction is quick enough to occur under lateral flow, though further

characterization is still required.

A Assay Schematic B Lateral Flow Assay
. #7 #21 7ZX
Preconjugated SpyTag-Au
Au-protein
Preconjugated
Q Q Au-protein
—>
S
SC SC SC
I I l SpyTag-Au

Capture protein #49  ZX  #26

Figure 5.17. Conjugation of SpyCatcher and SpyTag under lateral flow.

SpyTag-Au nanoparticles were flowed across a test line continuing SpyCatcher containing
proteins (Gu lab protein #49, ZX, and #26 from left to right). As a control, SpyTag-Au
nanoparticles were conjugated with SpyCatcher conjugates (Gu lab proteins #7, #21, and ZX)

and flowed across the same test lines.

In this sub-aim, we attempted to develop a modular assembly system using SpyCatcher
and SpyTag to connect our nitrocellulose-binding component to our antigen binding protein of
interest. Towards this end, we identified a nitrocellulose binding protein containing SpyCatcher
and demonstrated that it can be covalently attached to a SpyTag containing protein before or
after spotting onto nitrocellulose. A summary of computationally designed proteins screened for
binding to nitrocellulose is listed in Table 5.2. Due to instabilities with the identified protein, we
were unable to continue with its use as we developed our final assays for the detection of the

Ebola virus.

104



Table 5.6. Summary table for nitrocellulose binder screening.

Protein Protein Name Ponceau MW MW pl  Charge at
ID Result (kDa) (kDA) pH7
mono total
mer
13994 DR64 C5 HS SpyCatche Supernatantis 39.6 Not 492 -15.1
r weak, pellet bounde
(fibers) are d
strong
13998 Spy catcher 2mq8 Medium 25.7 25.7 891 1.8
14045 Spy catcher 2kl18 Weak 25.7 25.7 891 1.8
13697 Spycatcher-153-50A Medium 37.2 111.6 591 95
13692 SpyCatcher-1301 38 2736 597 -6.1
NA Mical8-spycatcher Weak 1079 NA 4.14 -99
NA Spycatcher-mical8 Weak 1079 NA 4.14 -99
14028 His-SpyCatcher-153- Strong 51.9 155.7 507 -16.1
50A1-Tev-mSA-Flag
14528 I1BH 38 Strong 322 96.6 495 -14.1
14529 1BH-41 Strong 323 96.9 494 -14.5
14065 SpyC ank1C2 G3 Weak 29.5 88.5 505 -173
14066 SpyC_ank1C2 G3 r5 Medium-weak  36.5 109.5 554 -16.7
14067 1na0C3_int2 SpyC Medium 26.9 80.7 446 -163
14068 Ina0C3_int2 r4 SpyC Medium-weak  26.9 80.7 446 -16.3
14069 NA Medium- TBD TBD TBD TBD
strong
14070 NA Medium- TBD TBD TBD TBD
strong
14851 SC-SB13 11.8 354 411 -79
Nitrocellulose adsorbing, non-Spy catcher containing proteins
NA 3 helix Strong 29.6 29.6 9.4 TBD
NA Design 1 Medium 10.1 10.1 6.32 TBD
strength
NA 50A Strong TBD TBD TBD TBD

While this work made some progress in the development of a modularly assembled assay

stack, we decided to move away from nitrocellulose binding proteins for the immobilization of

our Ebola binding, ZX binder. This decision was motivated by our desire to exploit the low limit

of detection we found using streptavidin for immobilization of a biotinylated protein. However,

there remains potential for this approach to be highly valuable for lateral flow assay

development. For this potential to be reached, there is a need for a greater understanding of what

factors impact adsorption of a computationally designed protein to nitrocellulose. While we
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initially hoped the larger screen for nitrocellulose binding proteins described in this sub-aim
would help to solidify our understanding of nitrocellulose, we found more exceptions to the rule.
Therefore, a larger protein screen, ideally using a system with higher throughput such as phage
or yeast display, would allow us to more carefully elucidate protein characteristics that lead to

optimal adsorption to nitrocellulose and other porous materials.

5.3.3  Assays for the detection of Ebola Glycoprotein, GP1/2

How would an Ebola lateral flow test work?

1. Apply finger stick to device or tube Expected Results
2. Wait for the test to run (15-30 minutes)
3. Read result by eye or with areader. —

Ebola Ebola

Negative Positive

Lateral flow test strip in action

1. Plasma separation 3. Binding at test and control lines
2. Rehydrate conjugate |
|

Figure 5.18. Ebola lateral flow assay schematic.

v

Direction of flow

Intended assay use (top) with three steps after the blood sample is applied to the strip; (1) plasma
separation, (2) conjugate rehydration, (3) and binding of analyte and antibody gold conjugate at

the test and control lines.

We developed a series of assays to detect the Ebola glycoprotein GP1/2 using a
combination of antibodies and the computationally designed protein, ZX. The ultimate goal for
this work is the integration into an inexpensive, easy to use, non-instrumented lateral flow assay,
Figure 5.18. Similar to the flu assays described in Chapter 3, the assays for integration into
LFAs were designed with binding proteins that target different epitopes on the viral glycoprotein.
Similar to the stem region binder for HA, the ZX protein does not naturally adsorb to
nitrocellulose. 5.3.1 and 5.3.2 describe attempts to immobilize the computationally designed ZX
protein to nitrocellulose using a paper binder. As an alternative immobilization approach, we

used the available SpyCatcher on ZX to biotinylate with a SpyTag-biotin for use in either capture
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or detection. The assays described in this sub-aim for the detection of GP1/2 are shown in

Figure 5.19.

A Recombinant GP assay stacks

’ %
N3

L/
00 (4
All antibody stack Mixed assay stack — Mixed assay stack —
ZX capture ZX detection
B Figure Legend

‘ A ) 'Y ? I

SA Au NP Anti-GP antibodies  GP1/2 Biotin—ZX Biotin—-BSA

Figure 5.19. Assays for the detection of recombinant GP1/2.

(A) Schematic representation of these assays. From left to right: antibody capture and detection,

biotinylated-ZX binder capture and streptavidin capture with antibody detection, and antibody

capture with biotinylated-ZX binder detection with streptavidin (SA) gold nanoparticle (Au NP)

readout. (B) Figure legend. Note that the molecular components are not to scale.

On the GP1/2 protein, there are two primary regions where protective antibodies have

been discovered. Neutralizing antibodies have primarily targeted the base region of the GP

protein, while non-neutralizing antibodies target the chalice region of the protein, Figure 5.20

[185]. Antibodies to the mucin-binding domain have also been identified.

107



Non-neutralizing/Protective
=
3 :
o, ;
5 :
-3
[+ #
3 ;
k =3 i
} =1
. = ;
Q@
<
o
Q
=
o
Q
°

MPER

Viral membrane

Neutralizing/Protective

Figure 5.20. Protective antibody epitopes for Ebola GP.

Antibodies in orange, red, and yellow indicate viral neutralizing ability, while antibodies in blue
have been found to be protective without neutralizing as they are can be removed before receptor
binding [185]. Of these antibodies, our work has included the integration of KZ52, 13F6 and
¢13C6 antibodies into LFAs. Source: [185].

Our group developed an antibody assay to detect GP1/2 using the KZ52 antibody and a
biotinylated mucin binding domain antibody. Testing with recombinant GP1/2 and virus-like
particles (VLPs) led to an LOD of 0.261 pg/mL (95% CI [0.15, 3.48]) and 0.18 pg/mL (95% CI
[0.0944, 2.965]) respectively, Figure 5.21. This testing was done using IBT Bioservices
recombinant GP1/2 and VLP, however subsequent testing using the same antibodies and the
recombinant GP1/2 manufactured by MDT led to lower signals and poorer performance, Figure
5.22. Because we do not have specific information about the recombinant GP produced by IBT,
we believe this difference to be primarily due to minor differences in the antigens, and
potentially strain, used for development of the antibody and protein binders respectively. All
testing with the ZX protein shown in this document were done with MDT 248, the Mayinga
strain of GP1/2 expressed without the mucin and transmembrane domains, unless stated
otherwise. While other GP sources were tested, we found the ZX binder performed the best with

MDT 248 as the antigen of interest.
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Figure 5.21. Limit of detection using antibodies for capture and detection.
Assay stack uses KZ52 antibody and a biotinylated mucin-binding domain polyclonal antibody
with streptavidin gold nanoparticles for detection. Representative test lines (A) and the full assay
response curves (B) are provided. Limits of detection for recombinant GP and VLP assays were
found to be 0.261 pg/mL (95% CI [0.15, 3.48]) and 0.18 pg/mL (95% CI [0.0944, 2.965])
respectively, with 10 uL of sample tested per test strip. Each condition was tested with n=6

replicates.

The ZX binder was integrated into a lateral flow assay for the detection of the GP1/2
protein. We systematically replaced the capture and detection antibodies to demonstrate that the
ZX binder can be used in either position, Figure 5.23 and Figure 5.24. The biotinylated form of
the ZX protein was used in both orientations of the GP1/2 assay. Because the ZX binder does not
naturally adsorb to nitrocellulose, immobilization was enabled through the use of a nitrocellulose
binding streptavidin.

While both assays demonstrated detection of the trimeric GP1/2 protein, capture using
the ZX binder demonstrated the best performance with a calculated limit of detection of 0.255
pg/mL, with a 95% confidence interval of [0.119, 0.378], Figure 5.24. This is equivalent to 4.5
ng of GP1/2 in the 20puL sample volume. The use of the chimeric version of the secondary
antibody led to a decrease in overall assay performance. The calculated limit of detection was

found to be 3.04 pg/mL with a 95% confidence interval of [1.40, 5.02]. This was expected, as the
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chimeric version of the c13c6 antibody had less favorable kinetics over the isolated, neutralizing
antibody. With these results, the use of biotinylated ZX with streptavidin to capture GP1/2 under
flow led to comparable results to our high performing antibody stack, Figure 5.21. As the ZX
protein is much less expensive and easier to manufacture than an antibody, replacing our capture
antibody with the novel computationally designed protein could lead to a reduction from

approximately $3,000/g to $10/g in cost for the final LFA [105].
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Figure 5.22. Effect of GP1/2 source on LFA signal.
Three GP1/2 sources were tested, MDT 248, IBT GP1/2, and IBT VLP, all at 400 pg/mL of
GP1/2. Representative test lines (top) and calculated normalized pixel intensities (bottom) are

shown. All conditions were tested with an n=3.

The soluble glycoprotein (sGP), alternatively, is an interesting protein diagnostic target
for EVD due to the high concentration of this protein secreted during Ebola virus infection.
While we initially intended to develop an assay to detect sGP at the beginning of this project, our
collaborators were unable to get a crystal structure of the sGP protein. As an alternative,
Liangcai Gu’s group at the University of Washington used their novel protein screening method
to identify proteins that bind to the sGP protein. The protein library was originally generated as a
mutation library of small, variable fragment like, proteins expressed on phage. As our ultimate
goal is to create a system that allows us to easily swap out individual components, we switched

out the ZX protein with the novel binding proteins developed by the Gu lab. We had some issues
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with cross-reactivity between the Gu lab binding proteins and themselves and the binding
proteins and our GP1/2 antibodies. Despite these issues, we were able to integrate one of the Gu
lab proteins into a lateral flow assay for improved detection of the sGP protein, Figure 5.25.

Additional work characterizing this improvement is still required.
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Figure 5.23. Recombinant GP1/2 lateral flow assays with antibody capture.

Assay stack uses anti-GP antibody, either KZ52, C13¢6 or C6DS, to capture GP1/2 at the test
line. Biotinylated ZX with a 40 nm streptavidin gold nanoparticle was used to visualize the test
line (A). For C13c6, SA-Au from two different manufacturers were tested; Innova Biosciences
(I) and Arista (A). Recombinant GP1/2 was tested at 200 pug/mL in a 20 pL sample.
Representative test lines and the full assay response curves are provided (B). C13¢c6 and C6DS8

were each tested with n=3 replicates, while KZ52 was tested with n=1.
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Figure 5.24. Limit of detection using ZX binder for GP1/2 capture.

Assay stack uses biotinylated ZX binder to capture GP1/2 when immobilized on the streptavidin
test line. Biotin BSA prevents non-specific adsorption at the test line. Anti-GP1/2 antibody
(c13c6) acts as the secondary antibody, with anti-mouse antibody-Au to visualize GP at the test
line, (A). Representative test lines and the full assay response curves are provided (B). Each
condition was tested with n=3 replicates. Limit of detection was calculated to be 0.255 pg/mL

(95% CI [0.119, 0.378]).

For detection of Ebola virus from a suspected individual, we aim to detect the Ebola virus
from a blood or plasma sample. However, detection of Ebola virus was not possible as a part of
this project because it requires a BSL-4 level facility. Alternatively, we used virus like particles
(VLP) that contained recombinant GP, nucleoprotein (NP), and matrix protein (VP40). While
these proteins used many of the recombinant proteins expressed by the native Ebola virus, there
could be differences in performance as compared to native Ebola virus. While the VLP available
through IBT Bioservices binds well to their GP specific antibodies, it did not lead to positive test
lines using the ZX binder. This is most likely due to strain specificity, as we found that the MDT
248 the ZX was designed against did not bind well to the IBT recombinant GP protein. To
validate that the ZX protein could bind a VLP, we would need more control over the GP strain

expressed on the surface.
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Figure 5.25. Assays for the detection of Ebola sGP.

Assay stack uses an anti-sGP antibody, BDBV, to capture sGP at the test line. Biotinylated
protein #49 with a 40 nm streptavidin gold nanoparticle was used to visualize the test line (A).
Recombinant sGP was tested at 200 ng/mL in a 20uL sample. Representative test lines and the
full assay response curves are provided (B). LOD analysis run using antibody capture and
detection is shown in blue (n=6), and the performance of namibody detection is shown in orange

(n=2).

Testing of recombinant GP from plasma led to a similarly challenging issue. As a part of
this project, our group developed a plasma separator that could separate red blood cells from
blood without significantly increasing the overall footprint. However, initial tests with plasma
led to a couple problems. Our best performing assay uses a human anti GP antibody, which
cannot be used when testing with a human sample. Antibodies in the human sample led to very
high false positive signal. We saw a similar issue with the chimeric KZ52 antibody, where the
negative control had a large amount of signal generated in the negative control, Figure 5.26. We
hypothesized that the streptavidin test line, which we had never previously tested with any
patient sample, binds to other protein components found in blood. Biotin, which is present in the
blood in healthy individuals at concentrations above 400 pg/mL and up to nearly 3000 pg/mL in
patients taking biotin supplements, could be one of the primary contributors to false-positive
signal [211]. With the addition of a biotin depletion section on the lateral flow test, any

contribution of biotin to non-specific binding at the test line can be easily reduced. Future work
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is still needed to test this hypothesis and implement any required sample preparation steps into

the LFA format.
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Figure 5.26. Detection of GP1/2 in plasma.
Non-specific signal increases when plasma (50% dilution) is used instead of buffer. GP1/2
(MDT 248) was spiked at 200 ng/mL. Normalized pixel intensity with standard deviation is

shown, tested with an n=4. Asterisk signifies p<0.05 using a student’s t test.
5.4 CONCLUSION

In this chapter, we describe the progress we have made towards a modular assembly
system for more rapid lateral flow assay development, with application to an Ebola glycoprotein
target as an example. We demonstrated a novel use for nitrocellulose binding proteins when
combined with SpyCatcher and SpyTag for modular assay stack assembly. While we
encountered some issues with protein stability, we were able to continue to use SpyCatcher and
SpyTag as our conjugation system for our final Ebola assay stack. Using the computationally
designed binder specific to the Ebola GP1/2 protein, we developed an assay stack to detect the
protein with comparable sensitivity to our high affinity antibodies, with LODs of 0.261 pg/mL
(95% CI1[0.15, 3.48]) and 0.255 pug/mL (95% CI1[0.119, 0.378]) for antibody and
computationally designed protein respectively. This assay represents the second set of lateral
flow assays using computationally designed affinity proteins.

Remaining work with this assay will focus on sample preparation for whole blood and the
more realistic VLPs. One of the big questions that remains is the utility of a streptavidin test line

for more complex sample types. Prior to this work, we had not tested this particular anchor with
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a complex assay type, but the non-specific binding at the test line suggests the need for
investigation into the cause of non-specific binding and potential solutions. Similar to the
solubilization of influenza hemagglutinin that is required for detection of the native glycoprotein,
there is a need for additional sample preparation work to enable detection of the GP1/2 protein
from the Ebola VLPs. However, we have limited control over the strain of GP1/2 integrated into
the VLP. There is a need for methods of viral glycoprotein solubilization for downstream LFA
detection, however the development of these methods is most likely to be successful using our
influenza assay due to strain specificity.

As demonstrated with the Ebola sGP, the ultimate goal is to develop an LFA system
where we can easily plug in antigen specific binders without requiring significant lateral flow
assay optimization development. With the same protein, nitrocellulose binding protein or
streptavidin, spotted on the test line, the capture and detection proteins can instead both be
integrated into the conjugate pad(s). Test line optimization is much more difficult than conjugate
optimization, due to the need for spotting or striping to generate the test line. In addition, test line
optimization requires at minimum an overnight incubation to allow for adsorption for the spotted
protein. By using either of our test line anchors, the nitrocellulose binding protein or streptavidin,
we can produce large quantities of lateral flow test strips at once that can be used to vary capture
and/or detection protein concentrations and buffer composition more easily. The modular assay
assembly system described here made progress towards this ultimate goal of a set of “plug and

play” LFA assays.
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Chapter 6. CONCLUSION

6.1 CONCLUSIONS AND FUTURE DIRECTIONS

The work described in this dissertation was motivated by the need for a broader class of
antigen binding elements for use in lateral flow assays. Despite their ubiquity, antibodies are
lacking in a few key categories that are important for LFAs; with their high production cost,
limited thermostability, and minimal customizability limiting their success when integrated into
the LFA format. Novel molecular recognition elements, such as the ones described in this
dissertation, open the door for a broader selection of LFAs for a variety of targets. As
demonstrated by our assays for the influenza and Ebola viruses described in Chapters 3 and 5,
computationally designed affinity proteins can be incorporated into LFAs and outperform the
available antibodies for a specific antigen. Not only that, but the increased customizability
enabled by this new class of binding proteins opens the door for more precise protein
conjugation. With increased thermostability, as described in Chapter 4, customizability, and low
cost, these proteins are an extremely attractive option for antigen binding in a low cost, point of
care diagnostic.

Despite these positive characteristics, the integration of novel molecular recognition
elements like computationally designed proteins into lateral flow assays is not entirely
straightforward. In our experience, the integration of computationally designed affinity proteins
into LFAs was particularly challenging with regards to immobilization on a test line. Where
antibodies adsorb easily to nitrocellulose, the majority of computationally designed proteins that
we screened, as described in Chapter 5, do not. These challenges are not unique to
computationally designed proteins, as similar issues have been demonstrated for antibody
fragments and aptamers [215]-[217]. The development of a universal anchor system has the
potential to streamline lateral flow assay development independent of the final target. While
Chapter 5 describes progress towards this goal, there remains significant work to be done.
Additional screening for nitrocellulose binding proteins, similar to the manner in which novel
cellulose binding proteins have been identified [218], would help elucidate specific
characteristics of strong nitrocellulose binding proteins. This information, building upon our

knowledge of nitrocellulose binders from Chapter 5 and from the dissertation of Dr. Carly
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Holstein, would enable the development of assay stacks made entirely of proteins expressed
inexpensively in E. coli.

As we move from antibody based LFAs to those that use novel computationally designed
affinity proteins, there is a need for methods that enable improved assay development. With
computationally designed proteins, we have greater control over charge, size, and type and
number of conjugation sites than we do with antibodies. The flow chamber system described in
Appendix C aimed to help streamline the assay development process by decoupling protein
immobilization and analyte capture from the performance of the entire assay stack. Remaining
work with this flow chamber system requires investigation into precise sealing methods and
preliminary data validating the sensitivity of the downstream protein quantification assays,
specifically by microBCA and ELISA. With the development of new methods for lateral flow
assay development, there is potential to learn more about protein adsorption to nitrocellulose and
analyte capture at a test line than previously possible. One particularly interesting set of
questions involves the role that protein immobilization, including directionality and packing
density, plays on analyte capture under lateral flow. With antibodies, we have been limited in
optimizing these parameters due to their larger size and randomness of immobilization by
adsorption. Computationally designed proteins, as well as other novel molecular recognition
elements, have optimization potential that might enable them to further outcompete antibodies
when used in an LFA.

Beyond the traditional LFA, more complex paper microfluidic networks are required for
a vast majority of assays that could benefit diagnosis at the point of care. While the 2DPN and
uPAD have made significant strides with regards to automation of multistep assays in an easy to
use format, recent understandings in fluid flow in porous matrices have opened the door for
improved assay integration. Partial saturation, a concept described in Chapter 4 and Appendix B,
has allowed us to layer porous materials such that orthogonal delivery of reagents across a test
line can be easily automated. Orthogonal delivery of reagents is particularly interesting for
enzymatic assays with reactive species, as demonstrated by the improved assay performance on
our hemagglutinin prototype device in Chapter 4. Applications of this phenomenon to sample
preparation, purification, and serial dilution open the door to a wider variety of assays that can be

integrated into the inexpensive, easy to use LFA format.
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A major concern with novel molecular recognition elements is that the promise of these
antigen-binding elements might outweigh their practicality. Aptamers, an example of a
molecular recognition element that has been developed for a wide range of targets, have not yet
been integrated into a commercial LFA despite their initial promise [219], [220]. With
challenges that include industry resistance and failure to garner government approval, aptamer
use in therapeutics and diagnostics on the market has remained limited. As computationally
designed affinity proteins could face similar challenges, there is a need for efforts demonstrating
to the research and clinical communities the utility of these novel proteins. The work
demonstrated in this dissertation is a first step to show the utility of computationally designed
proteins for the development of inexpensive, accurate diagnostics for infectious disease.

In conclusion, this dissertation represents significant progress towards the use of
computationally designed affinity proteins in lateral flow assays. The significant achievements of
this work include (1) novel assays for the detection of influenza and Ebola viruses using
computationally designed proteins, (2) the first prototype device integrating computationally
designed proteins, and (3) methods for improved LFA assay development using modular design.
All together, this work highlights the potential of this novel class of affinity reagents to increase
the capabilities, specifically with regards to performance and range of applications, of the lateral

flow assay platform.
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APPENDIX A - LIST OF ABBREVIATIONS

Abbreviation Description

2DPN Two-dimensional paper network

BCA Bicinchoninic acid assay

BLI Biolayer inferometry

BSA Bovine serum albumin

CBD Cellulose binding domain

CDC Centers for Disease Control

CEID Chicken embryo infectious dose
CHAPS 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate
CT Cycle threshold

D1 Design 1 protein

DAB 3,3’-diaminobenzidine

DNA Deoxyribonucleic acid

DTRA Defense threat reduction agency

ELISA Enzyme linked immunosorbent assay
FDA Food and drug administration

GDP Gross domestic product

GE General Electric

GF Glass fiber

GP Glycoprotein

HA Hemagglutinin

HIV Human immunodeficiency virus

HRP Horseradish peroxidase

IGEPAL Octylphenoxy poly(ethyleneoxy)ethanol
IgG Immunoglobulin G

IPD Institute for Protein Design

IRR International Reagent Resource (formerly Influenza Reagent Resource)
[UPAC International Union of Pure and Applied Chemistry
LFA Lateral flow Assay

LOD Limit of Detection

MDCK Madin-Darby Canine Kidney cells
MDT Molecular Design and Therapeutics lab
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microTAS Microfluidic total analysis systems

MRSA Methicillin-resistant Staphylococcus aureus

NC Nitrocellulose

NCB Nitrocellulose binding protein

NIH National Institutes of Health

oG Octyl-B-D-Glucopyranoside

PBS Phosphate buffered saline

PBST Phosphate buffered saline with tween 20

PCR Polymerase chain reaction

pl Isoelectric point

PMMA Poly(methyl methacrylate)

POC Point of care

gRT-PCR Quantitative reverse transcriptase polymerase chain reaction
RDT Rapid diagnostic test

RFC Red food coloring

RNA Ribonucleic acid

RT-PCR Reverse transcriptase polymerase chain reaction
RTG Ready to go

SC SpyCatcher

SELEX Systematic evolution of ligands by exponential enrichment
SEM Scanning electron microscope

SPR Surface plasmon resonance

ssDNA Single stranded DNA

ST SpyTag

TCID Tissue culture infectious dose

uPAD Microfluidic paper-based analytical device
UTM Universal transfer media

uw University of Washington

WHO World Health Organization

123



APPENDIX B - AUTOMATED DILUTION SERIES

Development of an automated dilution series that uses partial saturation for fluidic control
The work described in Appendix B is my contribution to a manuscript in Analytical Methods
from our group, full citation below. I have presented this work at the 2017 Gordon Conference
on the Physics and Chemistry of Microfluidics in Lucca (Barga), Italy in a poster entitled “An

automated dilution series enabled by partial saturation in a porous microfluidic system”.

Buser, J.D., Byrnes, S.A., Anderson, C.E., Howell, A.J., Kauffman, P.C., Bishop, J.D.,
Wheeler, M.H., Kumar, S., Yager, P. “Understanding partial saturation in paper microfluidics
enables alternative device architectures.” Analytical Methods. DOI: 10.1039/C8AY01977K

B.1 INTRODUCTION

The use of porous materials as a platform for bioassays dates back to the 1930s with the
development of paper chromatography [221]—-[223]. In the mid to late-1970s, the home-based
pregnancy test popularized the use of porous materials to bring diagnostics to the point-of-care
(POC) [28], [224]. More recently, George Whitesides’ group helped lead a renaissance in paper-
microfluidic technology when they patterned cellulose paper in two dimensions to
simultaneously detect glucose and proteins in urine samples [25]. Paper-microfluidic devices
have since evolved to include systems that offer advantages such as the ability to perform
complex, multi-step processes [31], [134], the sequential timed delivery of reagents [31], [40],
and compatibility with various amplification and detection techniques [225]-[228].

Perhaps the most useful feature of paper-microfluidic systems is passive fluid transport
by capillary action. The automation of more complex assay procedures, however, has required
new fluidic controls using a variety of valving techniques. For example, materials embedded into
a membrane can slow or delay flow. Noh et al. patterned wax at various concentrations to control
fluidic timing in porous devices [229], [230]. Lutz et al. embedded sugar barriers into porous
materials. Higher concentrations of sugars resulted in longer delays for fluid delivery [150].
Chen et al. developed a fluidic diode using a combination of hydrophobic and hydrophilic

coatings to control direction and sequencing of fluid flow [231]. Many of these systems
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introduce an additional reagent (wax, sugar, etc.) into the reaction, which may negatively impact
sensitive reactions such as nucleic acid amplification [232]-[234].

A number of efforts show progress in implementing valve technologies that do not
introduce outside agents into the assay fluids. Both permanent magnets [235] and
electromagnetic solenoids [236] have been used to make and break fluidic connections. These
elements are outside of the main fluid pathway and do not introduce additional reagents. Toley et
al. developed valves that use auxiliary fluidic networks to actuate expanding elements. These
expanding valves can turn flow on or off and cause fluid diversion and redirection [237]. More
complex switching has also been demonstrated using paper actuators, including both normally-
on and normally-off single- and double-throw switches [238]. The Yager, Lutz, and Fu groups
have also designed methods for the sequential timed delivery of reagents through two-
dimensional paper networks that rely on volume metering [134], [239]-[241].

Recent publications have included reviews of additional valving for paper microfluidics
including those detailed above [242]-[245]. Although effective, many of these systems are
limited to use with a maximum of a few hundred microliters of input sample. When processing
urine or dilute blood, devices may need to manage up to 5—10 mL of sample. In urine, for
example, the first ~10 mL often contains the highest concentration of pathogen biomarkers
[246]. Due to the dilute nature of urine, at least 1-2 mL is often collected to obtain detectable
pathogen at clinically relevant concentrations [247], [248].

In recent years, multiple groups have used isotachophoresis to concentrate pathogen
biomarkers from complex samples [249]-[251], but these systems often use small sample
volumes and involve multiple pre-processing steps, such as off-device centrifugation and sample
dilution [252]. Additionally, isotachophoresis can be sensitive to salt and cell concentrations
found in clinical samples [252]. Linnes et al. developed an integrated method for paper-based
NA extraction coupled to in-membrane isothermal amplification to detect chlamydia [253].
Although effective, this device required multiple user steps and accepted between 10—100 uL of
urine. We previously described an in-membrane sample processing method that concentrated
DNA from up to 2 mL of sample, but that system did not include automation to enable
development of an integrated device [254].

Alternatively, some samples require dilution prior to processing to reduce high

concentrations of interfering species that may inhibit target detection [255] or restrict flow
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through porous membranes [254]. Previously-demonstrated paper microfluidic devices
effectively dilute samples by submerging a swab in buffer, subsequently delivering the input
sample into multiple detection zones causing modest dilution [38], but there are only a few
demonstrations of deliberate and automated dilution in paper-based devices. Osborn et al.
demonstrated a paper-microfluidic device capable of linear dilutions based on geometry [239]
and Songjaroen et al. designed a system that uses a wash step to dilute a sample on-device for
blood typing [256]. To date, there have not been any published reports of paper-microfluidic
devices that automate multiple, parallel dilutions of a sample.

The complexity of realistic samples—some of which need concentration, and others
dilution—required a re-examination of how paper-microfluidic devices process fluids, not least
because the current understanding of fluid flow in these devices is based on inadequate flow
models: the Washburn equation and Darcy’s law. The Washburn equation is limited to one-
dimensional flow, while Darcy’s law can model multi-dimensional flows. However, we have
recently argued that neither of these models are fully representative of complex flow in wetting
porous materials because they both assume the existence of a fully saturating wetting front. In
reality, a porous membrane supports a partially-saturated wetting front, where the degree of
saturation depends on specific physical properties of the membrane along with fluid properties
and system geometry. Therefore, we advocate the use of a flow model like the Richards
equation, which is widely used in hydrogeology to model partially-saturated flow through soil
[52]. Briefly, the Richards equation models the change in saturation of a porous media due to

gradients in the pressure head, and can be written as:

90 i K(H)OH(B)]

— = C.6
ot 0z 0z (€.6)

where 0 is the volumetric water content, t is time, K is the hydraulic conductivity, H is the
pressure head (m), and z is the position. Both the hydraulic conductivity and pressure are
functions of volumetric water content: as the porous media becomes more saturated it generates
less suction pressure and becomes a better fluid conductor. The full description of how to use the
Richards equation as a basis for flow models for paper-microfluidic systems, and how to perform
the requisite physical characterization of the composite porous materials, can be found in the

PhD thesis of JR Buser, available from the University of Washington [53].
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Using this new insight—that flow in paper-microfluidic devices is dependent on the
existence of partially-saturated regions—we have designed a system to automate and control
large-volume fluid flow in paper-microfluidic devices to support the integration of more complex
sample preparation methods into these devices. We demonstrate this simple-to-use system of
multiple porous materials through two examples: (1) automated DNA extraction and
concentration from mL-sized samples and, to our knowledge, (2) the first demonstration of

automated multiple parallel dilutions in a paper-microfluidic device.

B.2 MATERIALS AND METHODS

B.2.1  Reagent preparation

All reagents were prepared with sterile molecular biology grade water (Fisher Scientific,
Waltham, MA, USA). The biotinylated probe consisted of the following sequence: 5'—
TTTTTTTTTTTTTTTTTTTT-biotinTEG-3" (T20-biotin). A working solution of T20-biotin
probe was prepared at 200 uM in 75 uM TEAB. A working solution of gold nanoparticles was
prepared using 40 nm, streptavidin-coated, gold nanoparticles (InnovaCoat Gold;
InnovaBiosciences, Cambridge, United Kingdom) diluted to OD 0.0625 in phosphate-buffered
saline buffer containing Tween-20 (0.1%, Sigma Aldrich P9416) and 1% (w/v) bovine serum
albumin (PBST+BSA).
B.2.2  Material fabrication and patterning

All porous and plastic materials were cut to their final shapes using a CO; laser
(VLS3.60; Universal Laser Systems, Scottsdale, AZ, USA). For DNA purification/concentration,
Fusion 5 membranes (GE Healthcare Life Sciences, Niskayuna, NY, USA) were patterned with
chitosan and stored in a desiccator; glass fiber (8964; Ahlstrom, Alpharetta, GA, USA) and
cellulose (CFSP223000; Millipore, Billerica, MA, USA) membranes were used without
modification. Test cards were made with 0.254 mm-thick Melinex backing with adhesive on one
side (T-5501-10/1; Fralock, Valencia, CA, USA). For parallel dilution, nitrocellulose membranes
(HF135; EMD Millipore, Billerica, MA, USA) were patterned with T20-biotin probe by a
piezoelectric printer (sciFLEXARRAYER S3; Scienion AG, Berlin, Germany); 8964 glass fiber,
Fusion 5, and CFSP223000 cellulose membranes were used without modification. The T20—
biotin probe solution was filtered using a 0.2-um nylon membrane (VWR, Radnor, PA, USA) at

8000g for 5 minutes prior to spotting. Test lines were created by placement of 20 spots, spaced
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250 um apart, with 30 droplets per spot. The volume of each droplet was 450-500 pL. After
spotting them with T20-biotin probe solution, the nitrocellulose membranes were UV treated for

8 minutes with a UV transilluminator (UltraLUM inc, Paramount, CA, USA) at 300-310 nm and

stored under desiccation before use.

Figure B.1. Schematic of pressure switch (p-switch) overlap.
Capillary driven flow in porous membranes is influenced by the pressure differential between the
fluid front and the wetting front. We can automate the delivery of controlled volumes by layering

porous membranes with different properties, such as glass fiber and fusion 5.

B.2.3  Device construction

Devices were built as shown in Figure B.1, with Fusion 5 as the primary membrane and
glass fiber as the secondary membrane. Cellulose was used as the waste pad for these devices.
Membranes were held in place by the adhesive layer of the Mylar test card. Dilution devices
were built as shown in Figure B.1, with glass fiber as the source pad, Fusion 5 as the sample
pad, nitrocellulose as the test strip, and cellulose as the waste pad. Device tests were run by first
introducing 750 puL of gold nanoparticle solution to the upstream end of the sample pad. Upon
saturation of the sample pad, the glass fiber source pad was placed into a reservoir containing 3
mL of PBST, which was allowed to flow into the device until the reservoir was empty of fluid.
Devices were immediately placed on a scanner (Perfection V700 Photo; Epson America, Inc.,
Long Beach, CA, USA) and scanned at 600 dpi in 48-bit color. The resulting images were
analyzed using ImageJ software (version 1.50g) [257], with which the normalized pixel intensity
across the test line was quantified. A calibration curve was generated for test line intensities

using known concentrations of gold nanoparticles. Dilutions of the working gold nanoparticle
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solution to 0—0.25 OD in PBST+BSA with a final volume of 40 pL. were tested to determine the

dynamic range for the system.

B.3 RESULTS AND DISCUSSION

B.3.1  Multiple, parallel dilutions of samples using partial saturation for flow control
Controlled dilution is a commonly used laboratory technique in chemistry, biochemistry

and biology. Diagnostic applications using a dilution series range from measuring binding
kinetics to performing sample preparation [258], [259]. For an example of the latter, some
samples require dilution to reduce high concentrations of species that inhibit target detection.
While plastic-microfluidic devices have been used to generate dilution series, they require
additional equipment to pump fluids through the device [258]-[260]. Paper-microfluidic devices
automate fluid transport but have not yet been shown to combine automated sample dilution with
molecular detection. Such a combination would enable paper-microfluidic devices to scale up

small sample volumes and samples that contain high concentrations of assay inhibitors.
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Figure B.2. T20 biotin-streptavidin gold calibration curve.

This calibration curve was used for data analysis for the automated

dilution series device.

Therefore, we prototyped a paper-microfluidic device, shown in Figure B.3, that uses a

series of “partial saturation switches” to automate the creation and delivery of a dilution series
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from a sample and to multiple test strips, respectively. To operate the device, the sample was
applied to a sample pad, which formed the primary pathway of the switch. The source pad was
then placed into buffer, which hydrated the secondary pathway and carried the series of sample
dilutions into the test strips.

We found the area of overlap between the primary and secondary pathways to be related
to the dilution factor on the sample carried into the secondary pathway. By simple changes in
geometry, an arbitrary dilution series can be created with this system that delivers various,
specific amounts of a sample, or reagent, across a number of test lines. Both linear and
logarithmic series are among those possible to create, depending on the biochemical or biological

assay being integrated. This prototype device was designed to create a linear dilution series.

Cellulose wicking pad

Nitrocellulose
test strips

Fusion 5 sample pad ‘ l

‘risoUrce pad

Figure B.3. Paper-microfluidic device for automated dilution.

Device schematic of the automation dilution device, where sample first flows through the Fusion
5 sample pad, followed by applying running buffer to the source pad. Video stills of the dilution
device using red dye are shown. Layering of glass fiber, fusion 5, and cellulose enables the
delivery of varying volumes of sample across 5 nitrocellulose test lines and one negative control

in a two step process, as shown on the right.

130



Assay stack

q . ’ Streptavidin Au NP
§ i § i Poly T-biotin

I | Nitrocellulose (HF135)

Figure B.4. Graphic describing assay chemistry at the test line.
Poly T-biotin was UV crosslinked to a nitrocellulose membrane, where it would capture

streptavidin Au nanoparticles when they flowed across and lead to a red/pink test line.
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Figure B.5. Automated dilution series results.
Representative test lines and the calculated normalized pixel intensity for each leg of the

automated diluter. Averages of N=3 are reported with error bars representing +/- one standard

deviation.

The dilution factors were quantified using nitrocellulose test strips, with capture lines

comprising UV-cross-linked, biotin—oligonucleotide conjugates. The sample was spiked with
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streptavidin—gold nanoparticle conjugates, which were bound by the immobilized biotin—oligo
conjugates on the capture line, Figure B.4. We generated a calibration curve (Figure B.2) by
quantifying test strip pixel intensity using known concentrations of gold nanoparticles. Based
this data, the dilutions achieve range from 80% of the original concentration down to 10% of the
original concentration. The dilution achieved is linearly related to the Fusion 5 sample pad area

for each respective leg, Figure B.6.
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Figure B.6. Dilution optimization on device.
Variation of the height of the sample pad height (A) or glass fiber leg width (B) lead to linear
variation in the normalized pixel intensity on device (C). These dimensions can be tuned to

generate dilution series specific to the device and assay needs.

B.4 CONCLUSION

This work was the first demonstration of an automated, paper based dilution series. By
using partial saturation for fluidic control, dilution of a sample can be completed without the
need for additional machinery or user steps. We anticipate that an automated dilution series can
be integrated into a variety of devices to support more complex sample preparation techniques
and multi-step assays. In particular, the use of an automated dilution series can enable
quantitative readout for nucleic acid amplification or conventional lateral flow immunoassay

applications, which traditionally limited to non-quantitative or semi-quantitative results.
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APPENDIX C - MICROFLUIDIC FLOW CHAMBER

C.1 INTRODUCTION

The first two aims in this dissertation describe the development and integration of assays
for the influenza HA using computationally designed affinity proteins — the first demonstration
of the use of these proteins within the lateral flow assay context. Through the assay development
process, we identified characteristics important to the success of a designed protein when used to
capture an analyte of interest. Two properties are particularly notable, the ability to be
immobilized to nitrocellulose and the ability to capture the analyte of interest. While the assays
shown in aims 1, 2 and 3 were all successfully integrated into lateral flow assays, this was after
many previous attempts using various iterations of binders and immobilization techniques [58].
Antibodies are naturally produced with these properties, as demonstrated by their successful
integration into lateral flow immunoassays, suggesting that additional design and optimization
steps are required for the computationally designed proteins. There is greater potential for assay
optimization with designed proteins, as we have greater control over properties including size,
shape, and charge, etc. With the introduction of a broader class of affinity reagents, there is a
need for a quantitative system to analyze immobilization and analyte capture for more rational
design and optimization of lateral flow assays.

Lateral flow assay developers often rely on optimization processes to screen the various
assay components for optimal assay performance. These processes are mostly limited to the
membranes, biological reagents, and the geometry of the device, however a recent publication
describing the development of analytical tools to further improve optimization has provided a
framework for improved assay development [2]. There are, however, additional considerations
for non-antibody affinity reagents. In the process of designing and testing computationally
designed proteins, we have the ability to optimize a greater number of properties than we have
ever been able to with antibodies. This opens the door for the development of a more diverse set
of lateral flow assays, as these proteins are much more varied and customizable as compared to
antibodies. With the introduction of a more diverse set of lateral flow assays, there is the need for
the development of laboratory tools that allow for optimization within this larger lateral flow

assay development framework.
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We were interested in developing universal methods for the integration of computationally
designed affinity proteins into lateral flow assays. Because of the nature of antibodies, there has
not been a need for these methods previously. This appendix chapter is focused on the
development and first attempts at implementation of a new technique for the quantitative
measurement of protein immobilization and capture within a porous matrix. The work
specifically focuses on the development of a pump-driven microfluidic flow chamber with two
applications to porous membranes: measurement of protein immobilization and measurement of
analyte capture.

As described in aim 3, the standard method used in our lab for determination of protein
immobilization to nitrocellulose involves a protein stain. The stain used in this work, Ponceau S,
is a negatively charged stain that attacks positively charged groups in proteins [261]. If proteins
are present on nitrocellulose, we see a light red stain form. Because the Ponceau S stain targets
positively charged amino acids within the protein, the resulting stain is not quantitative. Instead,
we see variability from protein to protein depending on the number and location of the positively
charged amino acid groups.

Other methods for the determination of proteins immobilized or captured on nitrocellulose
include labeling with either a fluorophore or radiolabel. While fluorophore labeling is more
straightforward, the sensitivity of these assays often does not reach the level required when
making minor changes to a protein or set of proteins [262]. Radiolabeling has been used to
measure forward and reverse rates for binding in an LFA, finding that the forward binding rates
differ by at least two orders of magnitude between LFAs and more traditional binding
experiments (SPR) [262]. Interestingly, the off rate was found to be nearly identical between the
two sets of experiments, suggesting that the protein-protein interactions dominate the release of
the captured analyte. This knowledge supports many of our assumptions about binding kinetics
under lateral flow, and that the structure of nitrocellulose impacts the interactions between a
capture molecule and protein analyte.

An alternative protein staining method, the bicinchoninic acid assay (BCA), is an attractive
alternative for protein quantification. The BCA relies on the reduction of Cu2+ to Cul+ by
protein in an alkaline medium and combines it with the detection of Cul+ using bicinchoninic
acid [263]. The first step in this reaction is the chelation of copper with the protein to form a blue

colored complex. Peptides that contain three or more amino acid residues form a colored chelate
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complex with cupric ions, Figure C.7. This is known as a biuret, and can be depicted as NH2-
CO-NH-CO-NH2. Biuret reacts with copper to form a light blue tetradentate complex. Only
tripeptides and larger polypeptides and proteins produce the light blue to violet complex that can
be visualized at 540 nm. One cupric ion forms a colored coordination complex with four to six
nearby peptide bonds. The BCA assay is somewhat quantitative [264], where the intensity of the
color produced is proportional to the number of peptides bonds that participate in the reaction.
This assay is commonly used in clinical labs for the quantitation of total protein in serum. We

aim to use it to determine the total amount of adsorbed protein in a porous matrix.
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Figure C.7. The mechanism behind the BCA assay.
This schematic depicts the chemistry that leads to a measurable colorimetric change that occurs

in the presence of tripeptides or larger. Source: nfsc4500101groupa.weebly.com

Our goal with this work is to develop a system that can quantitatively determine the (1)
amount of protein that washes off a nitrocellulose membrane or (2) amount of analyte that binds
to a test line. For both protein adsorption and analyte binding, the system needs to enable
quantitative detection without altering the behavior of the protein of interest. The system also
needs to be higher throughput than the traditional staining technique, which led us to investigate
a method that did not require labeling the proteins of interest with a radioisotope or alternative.
With the development of a microfluidic flow chamber, our hope was to develop a label free
method that would allow us to get quantitative information regarding protein interactions in
porous matrices. This chapter of the Appendix will describe the progress made towards this goal,

focusing primarily on the fluidics.
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C.2 MATERIALS AND METHODS

C.2.1  Flow chamber

The flow chamber support fixture is laser cut from polymethyl methacrylate (PMMA),
using a silicon gasket to seal the porous membrane between the two PMMA components. Inside
the gasket there is space for a membrane that is 10 mm by 5 mm, similar to the size of the lateral
flow test strips used in our devices. Plastic tubing on each side of the membrane serve as input
and output of the solution of choice. One end of the tubing is connected to a syringe pump, and
the other is placed so that fluid can be collected using a 96 well plate, Figure C.10. The syringe
pump is connected to either a 100 or 500 uL syringe for all experiments described in this
chapter.
C.2.2  Membrane preparation

Nitrocellulose, glass fiber, and fusion 5 membranes (GE FF8OHP, Millipore HF120 and
HF135, GE Fusion 5, and Ahlstrom GF 8950) are cut into test strips using a CO2 laser cutter
(Universal Laser Systems, Scottsdale, AZ). Each test strip for the flow chamber is 5 mm wide by
10 mm long, to fit inside the silicon gasket. Test membranes for the flow challenge are cut to be
8 mm wide and 20 mm long. Membranes are hand spotted using a pipette with 0.5 uL for each
protein, typically at 1 mg/mL unless otherwise stated. After spotting, all membranes are placed
in a desiccator at room temperature until use, for a minimum of overnight.
C.2.3  Lateral flow challenge

The lateral flow challenge is a method developed by Dr. Carly Holstein and Dr. Gina
Fridley to analyze the strength and speed at which a protein adsorbs to more accurately compare
a range of computationally designed materials with different properties, Figure 5.5. Devices are
then assembled in holding cards with cellulose wicking pads the day of testing. Half of the
membranes are challenged with 1 mL of PBST, which is the buffer used in all wash steps of our
assay, while the other half were left dry until staining. All membranes are then stained with
Ponceau S stain in 10% methanol for 10 minutes, followed by two wash steps in DI water for 2
minutes each. These membranes are then immediately transferred to a piece of white printer
paper and scanned at 600 dpi.
C.2.4  Immobilization quantification

The flow chamber will be used to quantify the amount of protein immobilized on a

membrane using the micro BCA assay. Proteins are stored in the porous material using the
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method described above. The flow chamber is used to wash PBS (or another buffer) through the
porous material being tested at 0.5 pl/second speed into 10, 100 uL aliquots. The choice of
aliquot size still needs to be optimized; therefore it is possible this volume will change. Each 100
uL is collected into a well in a 96-well plate that is placed underneath the flow chamber. After
collection, these aliquots are used to run a micro BCA assay (ThermoFisher, Waltham, MA).
C.2.5 Micro BCA

For the micro BCA, 150 pL of the BCA working reagent is added to each well and the
plate is subsequently placed on the shaker for 30 seconds. After shaking, the plate is covered
using sealing tape and incubated for 2 hours at 37°C. The plate is then cooled at room
temperature, and read at 562 nm on a plate reader. For the data analysis, the average absorbance
reading of the black standard replicates are used to background subtract for all samples. A

standard curve is prepared to allow for the quantification of protein content.
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Figure C.8. Schematic of the steps required for a BCA assay.
The assay we ran is a micro BCA in a 96 well plate, making our volumes are much smaller than

those indicated in here. Source: (https://www.thermofisher.com/order/catalog/product/23235)

C.2.6  Flow chamber injection system development

Analyte depletion was tested using an input syringe to push smaller volumes of analyte
through the flow chamber. In the first iteration of the injection system, the glass syringe is
connected to a three-way valve, which controls the tubing the sample is pulled from, Figure
C.12. The sample is loaded into the syringe manually and pumped through the system similarly
to the immobilization experiments. In the second iteration of the injection system, using the 6-
port injection valve, we used the valve shown in Figure C.8 connected to the syringe pump and
microfluidic chamber using 6 tubes that connect to the pump, flow chamber, antibody, and have
a loading coil through which antibody can be loaded before running the experiment.

Testing of the maximum volume allowed by the system was done by pulling dye from a

tube while the system was in the load position, meaning the knob was in load and syringe was on
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pump in, Figure C.13. The volume required to pull before dye appeared in the syringe was
measured. Measurement of the unloading profile from the loading tube was measured by running
water through all tubes. The tubes were loaded with 220 pL of brilliant blue dye, after which the
knob was turned to the unload position and the table tube was placed into a small vial. The dye
solution was unloaded into the small vial in 10 pL intervals until the dye first appears in the
small tube. The tube was replaced, and the dye was continually pumped out of the system until
the fluid coming out of the system was clear, recording the volume again. Determination of the
concentration profile output from the 6-port injection valve was done using this same method,
however individual aliquots of 20 uL. were taken and read on a plate reader at wavelength 600
nm.

The third, and final injection system used in this chapter used air loaded into the syringe
itself to reduce diffusion between the sample and the surrounding aqueous solution, as depicted
in Figure C.16. This was done to prevent loss of dye/analyte to diffusion. In this system, buffer
is removed from the syringe and pumped into the tubing connected to the flow chamber by
pumping at 0.5 pL/s. 50 pL of air is pumped into the syringe through the valve connected to
open tubing (valve 3 in our system) at 5 uL/s. The open tubing is then placed in an Eppendorf
tube filled with dye or protein solution, and the remaining volume in the syringe is filled using 5
uL/s. During operation the flow chamber was run at 0.5 pL/s, however it could be run slower

with a smaller syringe.

C.3 RESULTS AND DISCUSSION

C.3.1  Quantitative method to measure protein immobilization

There are a lot of questions throughout the assay development process that we have been
unable to answer using methods traditionally used for paper microfluidics. One of the major
capabilities that has been lacking is the ability to extract and measure proteins immobilized on or
bound at the test line. This limits our ability to make quantitative assessments during the assay
development process. Therefore, we sought to develop a method to look more quantitatively at
each individual assay step. Learning from depletion experiments used to study adsorption, I
partnered with Dr. Joshua Buser and Dr. Joshua Bishop to develop a microfluidic flow chamber

that allows us to measure protein content before and after a solution has been flowed through a
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porous material. The flow chamber is driven by syringe pumps, and uses tubing to deliver fluid

into a porous material sealed between two pieces of PMMA and a silicon gasket, Figure C.9.

Kloehn pumps Flow chamber

§
Porous membrane

Outlet pert @

Figure C.9. Images of the flow chamber set up.

Flow is powered by Kloehn syringe pumps (left). The flow chamber itself consists of two layers
of PMMA, between which a porous membrane is sandwiched (right). A silicone gasket
surrounds the material to prevent damage to and leaking around the membrane. An inlet and

outlet port are placed on either side of the membrane, through which fluid can be pumped.

We have developed methods to enable flow in the flow chamber with glass fiber, fusion
5, and nitrocellulose. For glass fiber and fusion 5, we can use the silicone gasket to seal the
material between PMMA. Nitrocellulose, however, is much more difficult to seal because of the
significant reduction in pore size. An alternative approach for sealing nitrocellulose involved the
use of wax sealing, to prevent leaking when pushing fluid using the syringe pump. Additional
work involving nitrocellulose sealing are described in the final section of this chapter. While
flow through all three materials is possible, we next needed to demonstrate that we could
quantitatively measure protein that either washes off or is bound to a test line. The microBCA kit
is a version of the BCA assay that has been optimized to measure proteins at concentrations
between 0.5 and 200 ug/mL [265], which is optimal for the concentration ranges in which we are
working. From these results, we found that the microBCA enables detection of protein within
this range, however we found it difficult to detect close to the limit of the assay (around 0.5-1
ug/mL), Figure C.10. We do find a good dynamic range at the higher protein amounts, however,
which suggest that this method will work well if we assume that the immobilization of proteins

in one test line is comparable to the immobilization of ten test lines spotted one after another in
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the same membrane. This would allow us to extrapolate the adsorption of one test line based on
the summed result of 10. Our classic test lines across 5 mm wide test strips contain

approximately 0.6 pg of protein when spotted at Img/mL, below the limit that we saw detectable

in Figure C.10.
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Figure C.10. Antibody titer to explore the sensitivity of the micro BCA assay.
Antibodies were hand spotted at Img/mL in glass fiber at a range of volumes (to which they do
not adsorb well) overnight before testing on the flow chamber. PBS was used to wash the
membranes, and 10, 100 pL aliquots were collected and tested for protein amount. While we
were unable to statistically differentiate the difference in signal between 0 and 1 pg of protein,
we did see a difference between 5, 10, and 15 pg of protein. All conditions were tested with an

n=3, except for the first aliquot of the 0 pug case which only has 2.

Protein immobilization in porous membranes is often measured using non-quantitative
protein stains, such as Ponceau S or Coomassie. Our lab traditionally uses a “lateral flow
challenge” to determine whether or not a protein adsorbs to a membrane, such as nitrocellulose.
The lateral flow challenge involves the use of a Ponceau stain after flow with a LFA buffer to see
whether the protein was washed away. We have used this lateral flow challenge to analyze a
large range of computationally designed proteins, of a range of sizes, isoelectric points, and
overall function. However, it remained quite difficult to down-select to a nitrocellulose binder

because of the inability to quantitatively compare these proteins, Figure C.11A. A summary of
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the majority of proteins screened for use as a protein anchor can be found in Table 5.6 along
with their molecular weight, theoretical isoelectric point, and charge at pH 7.

While these methods are effective in determining whether a protein is immobilized on the
membrane, the inability to quantitatively compare proteins limits our understanding of
immobilization and adsorption in this system. We aimed to use the flow chamber to be able to
more quantitatively analyze protein immobilization in porous membranes, specifically to
measure the amount of protein that washes off a membrane after immobilization. A preliminary
screen of a range of proteins dried into glass fiber suggests that this tool allows us to replace the
qualitative protein stain with the more quantitative flow chamber. As we can see in Figure

C.11B, the two methods generate data that is in agreement with one another.
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Figure C.11. Comparison of protein adsorption methods.

(A) Example data from the lateral flow challenge. Protein adsorbed to the membrane is
visualized using the Ponceau S stain. (B) Proof of concept data from the micro BCA and flow
chamber. Four different proteins, IgG, IPD 14028, 3 helix bundle, and Design 1, were stored in
glass fiber after hand spotting at 1 mg/mL. IgG and D1 were expected to adsorb to glass fiber
less readily than 3-helix and IPD 14028 based on Ponceau S staining. The specific properties of

each of these proteins are shown in Table 5.6.

The development of a method that enables the quantitative analysis of protein adsorption
within the context of lateral flow has the potential to more accurately inform the assay
development process. Specifically with regards to the integration of computationally designed

affinity proteins, as direct adsorption has not proved to be as universal a method for

141



immobilization as it has for antibodies [58]. Previous attempts to characterize protein adsorption
to nitrocellulose have proved challenging because of our inability to quantitatively compare these
proteins. As seen in Figure C.11, using the flow chamber we obtained proof of principle data
that enabled us to more quantitatively compare the adsorption of different proteins to
nitrocellulose.

One major drawback with this method is the throughput. While we found that we can
more quantitatively measure the amount of protein that washes off the nitrocellulose membrane
using a microBCA assay, the current setup is only feasible when you have a small group of
proteins. There is a need for a larger throughput method for screening of protein binding for the
larger goal of understanding protein immobilization to nitrocellulose. Yeast and phage display
methods have been developed for larger scale screening of protein interactions, including
specific applications to cellulose binding proteins for lateral flow assay development [159].
These methods would enable a screen that would help us to elicit the specific interactions that
lead to strong adsorption to nitrocellulose. Once we understand this interaction, we can design
our protein binders to contain a nitrocellulose binding component within them, and not attached
to them as we described in Chapter 5. Similar to the head region binder, which adsorbed well to
nitrocellulose without any additional engineering, this would simplify the development of assay

stacks within the lateral flow assay context.

C.3.2  Quantitative method to measure protein capture under flow

While protein capture is influenced by binding kinetics, the capture of an analyte under
lateral flow within a porous material is more complex than classical kinetic tools like surface
plasmon resonance (SPR) and biolayer inferometry (BLI). There have been a number of attempts
to model assay kinetics and binding within the lateral flow context, specifically with the
intention to inform the assay development process [212], [266]-[269]. Much of this work has
been done by looking specifically at the signal developed at the test line, without decoupling
binding of the analyte by the capture and detection entities. For the design of a computationally
designed capture binder, more specific information about how effectively an analyte is captured
could be highly valuable. Specifically, knowledge of how much of an analyte is capable of
binding at a known concentration of capture protein could inform the protein design and assay

development process. Consequently, we have sought to develop a method using the flow
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chamber to enable the calculation of the percent of analyte captured when it flows across a test
line.

We aimed to develop an injection system to enable the quantification of analyte capture
under flow. The goal is to gain a better understanding to enable optimization of the kinetics and
delivery of our affinity reagents for lateral flow. This has the potential to improve overall percent
analyte captured within the lateral flow context. For the measurement of analyte capture through
the flow chamber, we have developed two different methods for the injection of the analyte into
the system. This particular task proved more challenging, as we had specific design constraints
that needed to be satisfied to enable accurate quantification of protein binding. The first system
we developed involved the addition of a valve connecting a glass syringe where reagent can be
introduced into the system. Shown in Figure C.12, this system has been used to introduce food
dye into the flow chamber in volumes less than 200 pL. The analyte is diluted to a known
concentration in the syringe, and delivered across the porous material where a capture protein is
immobilized. The ultimate goal is to use a 96-well plate to collect the aliquots that flow through

the material and run through an analyte specific ELISA.

N

oehn syring

Figure C.12. Image of the three-way valve system for sample injection.
Set up requires a glass syringe, a three-way valve, and tubing to connect to the syringe pump and
flow chamber. This enables the injection of smaller amounts of analyte without waste. The three-

way valve is used to control which liquid is delivered to the flow chamber.
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This first pass at a valving system, while great in theory, involved a much larger volume
of analyte than we required. Where we hoped to have little dead volume, due to the cost and
amount of protein reagent, the original valving system lead to a dead volume of a couple hundred
microliters. This led us to consider alternatives for the injection of an analyte into the flow
chamber. Taking inspiration from flow cytometry, we developed an injection system that used a
6-port injection valve that was connected between the syringe pump and flow chamber, Figure

C.13.

Pump-In
Pump-Out
Antibody
Loading Table

Figure C.13. Image of 6-port injection valve system.
Syringe acts as driving force to move fluid through the system; it can push/pull from the pump in
tube, the pump out tube, and a waste tube. Knob on back of valve can be turned to two positions,

load and unload. This changes the functionality as shown in Figure C.14.
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Load Coil Unload Coil

Figure C.14. Schematic of 6-port injection valve.
The coil (between ports 3 and 6, labeled as loading tube in Figure C.13) is loaded on the left by
the antibody and pump-in tubes. Then the configuration can change using the knob on the valve.

The coil can then be unloaded (as seen on the right) through the table tube and pump-out tube.

Table C.1. Volume of tubes in 6-port injection valve system.

Tube Volume (uL)
Antibody Tube 73.4
Loading tube 133.2

Pump In Tube 140.9

Port to Port Volume 5.1

The volumes of each of the tubes shown in Figure C.13 are described in Table C.1. This
system allowed us to use smaller volumes, with the max volume enabled in the system calculated
to be approximately 262 + 2.36 puL (n=3) using Blue brilliant. Blue brilliant has a molecular
weight of 792.85 Da, whereas our primary analyte of interest, hemagglutinin, has a molecular
weight of 61.686 kDa. Due to this size difference, diffusion of the dye is likely to be different
from our proteins of interest. Using the Stokes-Einstein equation for diffusion, shown in
Equation C.1, we can estimate the assumed difference in diffusivity for these two species,
where D is the diffusion constant, k;, is the Boltzmann constant, | is viscosity, and r is the radius
of the diffusion species [270]. Assuming that size correlates to molecular weight, we calculated
that the diffusion constant for the brilliant blue due to be approximately 80 times larger than that

of the hemagglutinin protein.
k,T
D=2
6mnr

(C.7)
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Our next step was to look at the unloading profile of the dye into the microfluidic flow
system. We found that even when the entire system was primed, we were seeing dilution of dye
into the buffer on either side of it as measured by the plate reader, Figure C.15. The integral of
the outlet profile was compared to the integral of the positive control (as an analog to the input
profile) using MATLAB, and the numbers were found to be 58.85 and 57.46 respectively. This
suggests that all dye input into the system is found in the output, with dilution that occurs across
a larger volume. While this could be useful for some applications, this is not entirely useful when

looking specifically at binding kinetics that are sensitive to analyte concentration.
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Figure C.15. Outlet concentration profile from the flow chamber, n=2.
Dye added to the microfluidic flow chamber system with the 6-way valve is found to diffuse into
the surrounding aqueous solution, generating a concentration profile that follows a 200 pL

sample that was measured over approximately 400 pL.
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Figure C.16. Schematic describing the air-gap injection system.

The three way valve has tubing that connects to running buffer (valve 1), the flow chamber
(valve 2), and contains an open tube through which we can pump in air and our sample of interst
(valve 3), (A). The air gap is created by first expelling as much liquid as possible (B), after
which air can be pumped in (C). The same valve is kept open, through which sample can be
loaded (D). There will always be a small amount of running buffer remaining in the syringe,
shown in blue. However, the air gap prevents either liquid from coming into contact with
another, which allows us to ensure consistent concentration of the analyte throughout the course

of an experiment.
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We therefore sought to find another solution that enabled injection of our analyte at low
volumes with additional control over concentration. The solution that we developed involved
using an air gap that was placed in between the sample and any other fluid added into the system.
This was accomplished by adding an additional tube in valve 3 on the syringe pump through
which air and sample were to be loaded, Figure C.16. First, the system is told to pump 50 pL
from valve 3, which pulls from the surrounding air, into the syringe pump itself. This ensures
that water or buffer that remains in the pump never comes into contact with the sample. We are
next able to place the tubing connected to valve 3 into an Eppendorf containing our sample of
interest. Initial testing with dye showed that the air gap was sufficient to prevent movement
between the two solutions. Using this method, we are able to load a 100 pL syringe with up to 60
uL of sample, which is sufficient for the experiments planned to measure analyte capture under

flow.

C.3.3  Analyzing flow within microfluidic flow chamber

With our injection method developed and optimized, we then sought to investigate the
consistency of flow through the flow chamber system. The method developed to seal
nitrocellulose for the adsorption work used the laser cutter to melt plastic pieces to one another
with nitrocellulose sealed inside. This method, while effective to prevent leaking and channeling,
showed some flow inconsistencies, Figure C.15. The streamlines seen as we pumped through
the system suggested to us that we needed to limit the flow path further. Under lateral flow, we
see more consistent flow across the width of a test strip. Because our aim is to use this system to
replicate flow in lateral flow while allowing us to assay a sample after it flows across a test line,
this suggested that we needed additional modifications to the system. In addition, we saw that
there was flow into the nitrocellulose upstream of the inlet port and to downstream of the outlet
port. We anticipated difficulties differentiating between reagent loss to these regions of the
nitrocellulose and the test line itself. This was validated using COMSOL to model flow through a
porous matrix, as shown in Figure C.18. The model used Richards Equation modeling, as
described in the thesis of Dr. Joshua Buser. The regions with the lowest velocity, shown in
Figure C.18, were consistent with the regions into which there was flow that would not follow

the desired streamline.
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Figure C.17. Image of flow in nitrocellulose on the flow chamber.

Nitrocellulose membranes are sealed by melting mylar along the edge of the rectangle and
sealing the nitrocellulose membrane between the two mylar layers. The nitrocellulose mylar
sandwich is placed on the PMMA flow chamber bed and held in place with screws. Buffer is
pumped through the system at 0.5 pL/second using the syringe pumps. While the fluid front
appears to be consistent with flow during lateral flow (A), we see that as we continue to flow

through the chamber that the majority of flow is through paths of least resistance (B).
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Figure C.18. COMSOL models for fluid flow in the flow chamber.
Darcy’s velocity magnitude profile, with initial velocity from the inlet at 9.5 x 10* m/s. The
maximum velocity across the center region is 6.0325 x 10 m/s and the variation across the
center region is approximately 0.0635 x 10™* m/s. Therefore, the velocity varies by 1.05% in the

center region.
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Therefore, we found it necessary to seal nitrocellulose in a manner that limited the fluidic
path from the inlet to the outlet, and did not allow for flow outside of that. Inkjet printing of wax
1s commonly used in paper microfluidic development [271]-[273], therefore we first sought to
use the ColorQube 8750 printer to deposit wax onto the portion of nitrocellulose where we
wanted to minimize flow, Figure C.19a. The nitrocellulose was placed into an oven set to 150°C
for 30 seconds to allow the wax to melt through the entire thickness of the nitrocellulose
membrane. A layer of mylar was added on top of the nitrocellulose, and sealed to the backing of
the nitrocellulose membrane using melted paraffin wax applied manually. These strips, when
connected to the flow chamber, had such slow flow that the syringe pumps were unable to pump
through the nitrocellulose for the size of syringe pump we were using. We hypothesized that the
reason behind the slower flow had to do with the addition of a hydrophobic coating that is used
on the barrel of the wax printer. The wax printer works by depositing wax in the pattern sent to
the printer onto a heated barrel, which then rolls across the paper fed into the system. The
hydrophobic coating on the barrel is there to prevent wax from sticking to the barrel between
prints. Therefore, all locations where wax is not added onto the paper, the paper comes into
contact with the hydrophobic coating instead. To test this hypothesis, we tested a series of
nitrocellulose strips to determine whether the slower flow was due to the change in geometry or
the process of printing itself, Figure C.19. By measuring the time it took for fluid to wick from
one end of a strip to the other, in the geometries described in Figure C.19, we found that the
slowest flow was seen in membranes that had come into contact with the hydrophobic coating. In
this case, they flowed slower than 1 frame per second. This confirmed the hypothesis that the
process of printing using our ColorQube wax printer was slowing down the flow in our
nitrocellulose membrane significantly, Figure C.20.

Wax printed No treatment

O O

Laser cut w/ heat Laser cut

C D2 ¢ D

Figure C.19. Cartridge geometry for flow chamber testing.

Four geometries tested for fluid flow as compared to the wax printed cartridge.
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Figure C.20. Effect of wax printing on flow speed.

Flow speed measured by Image] to determine effect of the wax printing process on flow.
Controls including the original nitrocellulose (CN95) membrane, a heated membrane, membrane
heated and cut to restrict flow to area limited by wax printing, and the wax printed membrane.
Four replicates were run for each condition.

There are other methods by which wax can be deposited onto nitrocellulose, and we
investigated a number of such methods. Photolithography, screen-printing, stamping, and die
cutting parafilm have all been demonstrated for the deposition of wax onto paper microfluidics
with varying levels of complexity [271], [274]-[277]. For our purposes, and with the reagents
available to us, we sought to develop a stamping method using laser cut PMMA. Using lauric
acid, a long chain fatty acid that has a melting point of 43.2°C, we attempted a couple of
different methods for wax deposition onto nitrocellulose. We chose lauric acid because of its low
melting point, to minimize the effect of heat on the porous material during the deposition
process. Due to its low melting temperature, we found that lauric acid moves readily into the
nitrocellulose material during the heat step, losing a large amount of the resolution we were
looking for. Other waxes will likely have more success, one such example is paraffin which we
have used historically in our lab to seal porous membranes [53]. Unfortunately, due to time
limitations we were not ultimately able to use any of these methods to precisely deposit wax onto
our nitrocellulose membrane for use in the microfluidic flow chamber. The next steps for this
work would focus on finalizing the manufacturing method for wax sealed nitrocellulose strips

that can be hooked up to the microfluidic flow chamber. The potential impact of this system is
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huge, as it allows us to decouple the different immunoassay steps and probe them in a more label

free manner than has been previously published.

C.4 CONCLUSIONS AND FUTURE WORK

In this appendix chapter, we hoped to generate data demonstrating the utility of the flow
chamber for lateral flow assay development. Specifically intended for novel molecular
recognition elements, this system will allow us to separate the performance of our
computationally designed proteins based on their ability to adsorb to a surface and capture an
analyte of interest. By using proteins immobilized in the same manner, and in the same
membrane, as the lateral flow assay format, we hope this system can be used to generate data
that can be applied directly to the development of lateral flow assays.

So far, we have described progress towards the development of the microfluidic flow
chamber. We first demonstrated that the flow chamber can be used to quantitatively measure
protein adsorption for proteins spotted at 5 pg/test line or higher. We also developed three
different injection systems, with the final injection system allowing the input of small volumes of
sample without much reagent loss. Finally, we began to investigate sealing methods that would
most closely resemble a lateral flow strip in terms of size and flow behavior.

This work is an attempt at a quantitative method to facilitate rational lateral flow assay
development for a broader class of affinity reagents. This broader class of affinity reagents,
which includes designed proteins and aptamers, have the potential for greater control over the
traditionally used antibodies. With more precise numbers of conjugation sides, functional groups,
and overall stability, these proteins open the door for the development of a wider range of lateral
flow assays for use at the point of care. In addition, separation of the various functions of a
capture agent enabled by this new class of affinity reagents enables a greater understanding of
these functions in the lateral flow assay format, including immobilization and analyte capture.

The microfluidic flow chamber developed as a part of this aim has the potential to answer
a number of questions that we have not previously been able to answer. One such question
involves the role that flow rate plays in the amount of analyte captured, and ultimately overall
assay sensitivity, under flow through porous matrices. Therefore, by the demonstration of this
system with a range of materials, for a couple different applications, this will open the door for

other questions important to the development of assays within porous matrices.
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