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Nucleic acid diagnostics have advanced since PCR's first use in sickle cell and HIV diagnosis in the
1980s. PCR remains the gold standard for detecting SARS-CoV-2 and monitoring HIV viral load but is
limited by resource-intensive requirements, making it impractical for low-resource or home settings. My
research aims to adapt PCR’s strengths using isothermal nucleic acid amplification for rapid, low-cost

diagnostics to support global health.

I first present a novel assay combining RPA-based amplification with lateral flow detection, offering
PCR-level sensitivity with LFA-like ease. It meets WHO SARS-CoV-2 detection standards, demonstrates

high specificity, variant resilience, and uses a simple lysis method suitable for minimal devices.

For HIV viral load monitoring, I developed a buffer-modified recombinase polymerase amplification
assay on microfluidic chips using amplification nucleation site analysis (ANSA), where nucleation site

counts correlate with nucleic acid input, enabling precise, mobile phone-compatible measurements.

Finally, I describe a machine learning approach using a ResNet-18 model to analyze temporal ANSA data
and predict DNA concentrations. Two models classify DNA by clinical groups or log-fold changes. This
work supports robust, POC-suitable HIV diagnostics and establishes a platform for broader quantitative

nucleic acid testing across global health settings.
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1 Infectious Diseases Require Diagnostics

1.1 In Vitro Diagnostics for Infectious Diseases

In vitro diagnostics for disease are conducted on blood, urine, saliva, or tissue samples collected from the
human body. The term “in vitro” translates to “in glass”, denoting that these tests are performed in test tubes
outside of the body compared to “in vivo” tests which are conducted within the body itself. In vitro
diagnostics are used for the initial diagnosis of disease, to monitor disease progression and to monitor health
to help cure, treat, or prevent diseases. These tests can be conducted in well-resourced laboratories using
complex reactions for precise quantification, at the point of care (POC) in a doctor’s or other medical
practitioners’ office, and even at home. These diagnostics play a crucial role in patient care, enabling

effective diagnosis and treatment planning.

1.1.1 Immunoassays

Immunoassays are biochemical tests that measure the presence or concentration of a specific molecule, the
analyte, in a solution through the use of an antibody or an antigen. The analyte can be a variety of molecules,
as long as the appropriate antibody, antigen, or aptamers have been developed to bind to the analyte.
Immunoassays are frequently used in clinical diagnostics, drug discovery, drug monitoring, and food

testing. Immunoassays produce a measurable signal in response to the binding of an antibody to its antigen.

ELISA

Enzyme-Linked Immunosorbent Assay (ELISA) is a fundamental tool for in vitro diagnostics and widely
used for the initial screening, treatment monitoring, and prognosis evaluation of various diseases.' It has
been a gold standard testing mechanism for invitro diagnostics for the last five decades, contributing to the
analysis of biomarkers and important analytes in healthcare and diversified analytical settings.? ELISA
offers significant advantages due to its simplicity, utility, low cost, high sensitivity, and specificity.
However, traditional ELISA technology can be tedious requiring multiple washing steps, lacks
simultaneous target detection capabilities as it reads out in optical density, and is not easily implemented in
point-of-care (POC) settings.! As a common first line assay ELISA assays have been produced for multiple
viruses: Lassa fever, Dengue fever, Ebola hemorrhagic fever, Zika fever, West Nile fever, Measles, SARS,

and Influenza.’

In an ELISA, the antibody or antigen is nonspecifically adsorbed or bounded to the surface of a solid phase
(microtiter well, magnetic particle, or plastic bead). This attachment allows the separation of bound and

free-labeled reactants during washing phases. Typically, an aliquot of sample or calibrator containing the



antigen (Ag) to be detected is added to the solid phase antibody (Ab) and allowed to bind. Then an enzyme-
labeled antibody is added and forms a “sandwich complex” of solid-phase Ab-Ag-Ab enzyme, this is
demonstrated in Figure 1. A subsequent washing step removes unbound antibody and enzyme substrate is
added for detection. The amount of product generated is proportional to the quantity of antigen in the

sample.*

Sandwich ELISA

YY ¥Y¥ ¥

Antibody coated well

!
VLR

Addition of analyte

|
VA G

Addition of enzyme conjugated antibody

Figure 1. Diagram of a sandwich ELISA.°

While ELISA assays are common first line assays and can be produced once an antibody or antigen has
been produced, they have notable limitations. ELISA assays are also hindered by the latent period where
viral production is high but antibody production lags behind, in the first generation of HIV tests the lag time
was 35-45 days,® newer assays have cut this lag time significantly to 10-15 days post infection.” Further,
the assay is limited to the binding affinity and specificity of the antibody or antigen as they are required to
bind structural motifs of the target. For some target viruses like Dengue and Zika, the structural motifs are
similar thus ELSIA assays lose specificity. In the case of Zika and Dengue, the ELISA assays are cross

reactive as both viruses are simultaneously detected.® ELISA assays also have long rung times due to the



process of requiring multiple incubation and washing steps, these assay times are often longer than that of

run times of nucleic acid amplification tests all while having a worse sensitivity early in infection.?

Rapid Antigen

The SARS-CoV-2 pandemic made rapid antigen tests (Figure 2) a household product. Previously likened
to pregnancy tests, these rapid have a broad scope of utility. They can analyze a variety of testing media
including urine, saliva, sweat, serum, plasma, and whole blood, supporting their application across a diverse
range of fields.” " Not only are they well documented in human and veterinary medicine, but their use
extends to quality control and product safety in food production, as well as environmental health and safety.
In these domains, rapid tests serve the crucial function of screening for animal diseases, pathogens,

chemicals, toxins, and water pollutants, showcasing their versatility and wide-ranging impact.'®

Figure 2. Rapid lateral flow diagnostic for SARS-CoV-2. Image from Shutterstock

The appeal of rapid lateral flow antigen tests lies in their fast sample-to-answer time and cost efficiency,
attributes that stem from their simple construction, which often includes an injection-molded case and
nitrocellulose pads. The testing mechanism for LFA’s involves binding and immobilizing the analyte ligand
(virus) on a test line, which is then conjugated and visualized with gold nanoparticles. The detection
mechanism has similar mechanics to that of the sandwich assay see in Figure 1 where instead of an enzyme
linked antibody the antibody typically is labeled with a colloidal gold nanoparticle for visualization. This
process does not amplify the analyte unlike nucleic acid-based tests and relies on high concentrations of the
ligand to be present and bound to the test line for visual readout. Sensitivity of these assays can be improved
using fluorescent nanoparticles, quantum dots, electrophoretic focusing, reporter reactions, and

photodiode/CCD imaging.'”?! This characteristic makes rapid tests particularly suitable for use in clinical



settings, at home, or in the field, where quick and straightforward diagnostic procedures are valued with

the tradeoff in reduced sensitivity when compared to nucleic acid amplification tests or ELISA assays.

The procedure for utilizing rapid lateral flow antigen tests is straightforward and comprises three main
steps: collection, preparation, and detection. Collection can either be self-administered or require trained
staff, depending on the context and specific test design. During the preparation stage, the specimen (which
could be blood, saliva, sputum, or urine) is suspended in a running buffer. This step is critical for preserving
the analytes, diluting inhibitors, and reducing viscosity, thereby preparing the sample for analysis. Finally,
detection is carried out through the visual identification of test lines, allowing for an immediate readout of
the test result. This simplicity and efficiency underline the significant role rapid lateral flow antigen tests

play in current diagnostic practices, offering a practical solution for timely disease management and control.

1.1.2 NAAT

Nucleic Acid Amplification Testing (NAAT) is considered the gold standard for viral load testing and other
presence/absence testing due to its high sensitivity and specificity.?? This method enables the amplification
of low levels of pathogenic DNA or RNA oligonucleotides to detectable levels, providing an essential tool
for diagnosing and monitoring viral infections. NAATs are typically conducted in central laboratories,
which require aseptic conditions with controlled temperature and humidity, trained staff, constant
electricity, cold chain storage, and sensitive instrumentation. These stringent requirements, while necessary
for the accuracy and reliability of NAATs, contribute to the challenges of widespread testing. The
centralized nature of this testing approach often results in sampling delays and extended times for the return

of results.

PCR and quantitative PCR
Polymerase Chain Reaction (PCR) is a widely used method for the amplification of DNA. PCR is

fundamental to many procedures used in genetic testing, research, and diagnostics. PCR has become an
indispensable technique used in medical laboratory research for a broad variety of applications including
biomedical research and forensic science due to its single DNA copy sensitivity and single nucleotide
specificity. The process involves repeated cycles of heating and cooling to permit different temperature-

dependent reactions of DNA denaturation, primer hybridization, and enzymatic DNA extension to occur.

The PCR mechanism (Figure 3) utilizes two primers and a polymerase. During the first phase of the
reaction, in a PCR cycle, the reaction temperature is raised to 95 °C to denature double-stranded DNA

(dsDNA) to single-stranded DNA (ssDNA). The temperature is then lowered to 55 °C to anneal sequence



specific primers creating a small section of dsDNA, then the temperature is raised to 75 °C in which the
polymerase enzyme binds to the 5’ end of the primer-template duplex and extend towards the 3’ end of the
DNA, creating a complimentary copy. After the extension, the cycle is repeated, and the resulting dsDNA
is denatured, providing additional templates for further amplification. Following this mechanism, PCR
doubles the amount of DNA in each cycle. This process is repeated for a total of 45+ cycles. The extreme
sensitivity (often less than 10 cps/rxn*2%) and specificity make PCR the gold-standard for amplification.
However, the need for precise temperature control necessitates the use of expensive thermocyclers and a

typical PCR assay takes hours to complete.
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Figure 3. PCR Amplification mechanism.?

Quantitative PCR (qPCR), also known as Real-Time PCR, is a modified mechanism of PCR that utilizes
an enzymatically cleaved homology prove that not only detects the presence of target nucleic acids, but also
provides quantification by monitoring the rate of generation of the amplified product measured at each PCR
cycle.”” In qPCR, real-time fluorescence monitoring of the reaction is used to calculate a cycle-threshold
(Ct) value, defined as the number of thermal cycles required for the fluorescent signal to reach a specified
threshold. This is compared to calibration curve that is created with known target nucleic acid
concentrations to establish the concentration of the “unknown” sample. qPCR is crucial tool in monitoring
diseases in which pathogen load can information clinical treatment (e.g., HIV viral load monitoring, SARS-

CoV-2, Hepatitis B, Hepatitis C).2"3!



For the most precise absolute quantification of nucleic acids, Digital droplet PCR (ddPCR) is used. ddPCR
utilizes thousands of discrete PCR reactions in microfluidic micro-drops and Poisson statistics to provide
absolute sample quantification.’3 ddPCR typically has lower dynamic range than gPCR (five orders of
magnitude for commercial systems such as the BioRad QX200) due to signal saturation, requires separate
droplet generation prior to amplification cycling, and can suffer from false positives resulting from
inappropriate thresholding.** Both qPCR and ddPCR are traditionally restricted to well-instrumented
laboratories or hospitals due to cold chain dependent reagents, delicate instrumentation, reliable electrical

power, proficient laboratory staff, and appropriate infrastructure to host required equipment.

NAAT Workflow
The procedure for NAAT involves several steps: collection, preparation, amplification, and detection of

nucleic acids. Collection can either be self-administered or require trained healthcare personnel, depending
on the type of sample being collected (e.g., blood, saliva, sputum, urine). The preparation process involves
the lysis of pathogens and inactivating confounding factors. Lysis frees the target genomic material from
the pathogen making it available to be amplified. Simultaneously, nucleases found in the sample must be
inactivated to inhibit target degradation. Freeing target nucleotides from their viral envelopes or cell
walls/membranes often utilizes various methods such as chemical, mechanical, electrical, thermal, or
enzymatic techniques.*>* Centralized laboratories typically employ solid-phase extraction lysis methods,
utilizing chaotropic salts, surfactants and sequential columns or filters to bind and release nucleic acids.
These salts not only disrupt membranes but also denature nuclease enzymes that degrade free nucleic acids

and hinder assay sensitivity.*®*’

Following preparation, purified nucleic acids undergo amplification to increase their concentration to
detectable levels. PCR is a widely used amplification method, known for its high sensitivity and specificity.
PCR involves cyclically heating and cooling the DNA to denature it, anneal primers, and extend the primers
to create double-stranded DNA, thereby exponentially amplifying the target nucleic acids.***¢ Quantitative
PCR (qPCR) adds the capability to quantify the amount of DNA by running a standard curve of known
concentration alongside the PCR reaction, allowing for precise measurement of viral load. PCR and qPCR

is detailed in the previous section.

The detection of amplified products can be conducted through various means, including fluorescent
intercalating dyes, sequence-specific probes, color change indicators, UV-VIS, or electrochemical
measurements.*’* These methods can provide real-time or endpoint analysis of the sample. Modern
commercial high-throughput systems like the Roche COBAS and Abbot Alinity-m (Figure 4) have
automated the sample preparation, amplification, and detection steps, significantly reducing the time and

labor required compared to manual procedures. Such systems can process 500-1000 samples every 8 hours,



offering a "sample to answer" capability. However, the automation and scale of these systems require
substantial upfront investments, typically around $150,000, and significant laboratory infrastructure to

support the necessary environmental controls.>

——
Roche COBAS Abbot Alinity-m

Figure 4. Commercial high throughput viral load testing platforms.

Isothermal NAATS

Overview of Isothermal Methods
While Polymerase Chain Reaction (PCR) has long been the “gold standard” for DNA amplification, its

reliance on thermocycling necessitates specialized equipment, limiting it to well-funded central labs, and
limits its integration into compact devices suitable for the point of care. Isothermal NAATs have been
developed to leverage the sensitivity and specificity of PCR while improving the assay time, resistance to
typical inhibitors, and assay cost. As such, isothermals have begun to play a pivotal role in molecular
diagnostics, enabling the detection of minute quantities of target molecules. Isothermals have emerged as
promising alternatives, for PCR particularly for point-of-care diagnostics. These non-PCR techniques
mimic in vivo amplification processes, offering high sensitivity, selectivity, and compatibility with high-
throughput workflows. As a result, various platforms leveraging isothermal methods have been developed
and commercialized. Multiple isothermal methods have been published: Nucleic Acid Sequence-Based
Amplification (NASBA), Reverse Transcriptase-Free Exponential Amplification Reaction (RTF-EXPAR),
Multiple Displacement Amplification (MDA), Helicase-Dependent Amplification (HDA), Strand
Displacement Amplification (SDA), Rolling-Circle Amplification (RCA), Loop-Mediated Isothermal
Amplification (LAMP), and Recombinase polymerase amplification (RPA). Figure 5 outlines key features
of NASBA, LAMPA, SDA, RCA, and RPA compared to PCR. LAMP and RPA are of particular interest in

this work and are detailed in subsequent sections.
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Nr of required
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Primer design (Nr
of primers)

Temperature

Reaction time
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Sensitivity

Detection
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cotaminants
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denaturation
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processivity

Advantages

Disadvantages

PCR
1

Simple
2

Thermal Cycling (95,
50—65, 72) oC

2-3h

DNA (RNA)
dsDNA
1-10 copies

Gel electrophoresis,
Real-time and ELISA

Low

Yes

Heat

Accurate and robust
quantification

Simplicity of the
procedure
Well-stablished
method

Availability of wide
number commercial
kits

High equipment cost

Intolerant to many
substances

Error prone
polymerase

Less efficient than
most of the
isothermal methods
Long amplification
time

NASBA

Simple
2

Isothermal
~41°C

1.5—2h
ssRNA (DNA)
RNA, DNA
Single copy

Gel electrophoresis,
Real-time and
ELISA, ECL

Medium

No

Rnase H

Design to detect
RNA targets

10 "~fold
amplification in 2 h
Kits commercially
available

Power saving (41°C)

Not ideal for DNA
targets

Less efficient for long
RNA targets

Prone to false
positives

Need to optimize 3
different enzymes

LAMP

Complex
40r6

Isothermal
60—65C

<1h

dsDNA (RNA)
Concatenated DNA
Single copy

Gel electrophoresis,
Real-time and
turbidity

High

No

Strand-displacement
property of Bst
polymerase

10 *-fold
amplification in less
than 1 h

Tolerance to
inhibitory substances
Highly specific

Allows naked-eye
detection

Great variety of
commercial kits

Not suitable for small
targets

False positive
phenomenon often
oceurs

Complex primer
design

SDA

Complex
2o0r4

Isothermal
37°C

2h

ssDNA (RNA)
dsDNA

10 copies

Gel
electrophoresis,
Real-time

Low

Yes

Restriction
enzymes
Heat

Suitable for miRNA
profiing

10 S-fold
amplification in 2 h
Commercially
available platform
Power saving
(37-50°C)

Initial denaturation
required

Requires sample
preparation

Limitation to small
targets

Prone to
unspecific
amplification

RCA

Simple
2

Isothermal

30C

1.5h

Circular DNA (RNA)
Circular DNA

10 copies

Gel electrophoresis, Real-
time

Low

No

Strand-displacement
property of $29 DNA
polymerase

Low amplification
temperature (~37°C) ssDNA
products are compatible with
other isothermal techniques
Produce long DNA
fragments

Specific for circular targets

Only works with circular
templates

RNA amplification is complex
and often problematic

Linear targets require ligation
reactions
Linear amplification profile

RPA

Simple
2

Isothermal
37—42°C

20-40 min
dsDNA
Long dsDNA
Single copy

Gel electrophoresis,
Real-time and ELISA

High

No

Recombinase

Low amplification
temperature (~37°C)

Selective

Fastest amplification
system (20-40 min)
Tolerance to high
volume reduction

Tolerance to inhibitory
substances

Stringent reaction
condition
Amplification products
cannot be readily
detected by
electrophoresis
Commercial kits are
expensive

Abbreviations: PCR— Polymerase Chain Reaction; NASBA— Nucleic Acid Sequence-based Amplification; LAMP— Loop-mediated Isothermal Amplification; SDA— Strand Displacement
Ampilification; RPA—Recombinase Polymerase Amplification; RCA— Rolling Circle Ampilification.

Figure 5. Overview of common isothermal DNA mechanisms.!

LAMP

Loop-Mediated Isothermal Amplification (LAMP) is a powerful technique for DNA amplification that

operates under constant temperature conditions of 60—65°C. To achieve strand displacement and

amplification, LAMP uses 4 to 6 primers and Bst, a strand displacing polymerase. The primers recognize

6 to 8 distinct regions on the target DNA. The fifth and sixth primers form “loop” structures during the



reaction. The primers are Blc-B3c (back complement 1-3), Flc-F3c¢ (forward complement 1-3), LB (loop
back), LF (loop forward) in Figure 6. These loops greatly increase amplification speed and facilitate
subsequent rounds of amplification. Primer design is often aided by software tools like the NEB LAMP
Primer Design Tool due to the complexity of having multiple primers. The amplification products are
often very long and vary in length as the loop structures consist of numerous repeats of the short target
sequence connected by single-stranded loop regions. including fluorescent dyes, turbidity measurements,
and halochromic visual indicators.*>33 Colorimetric detection, turbidity, lateral flow, and halochromic
measurements are considered an end point detection while fluorescent detection mechanisms allow for
Realtime analysis. Despite its broad applicability to pathogens like HIV-1, HPV-16, SARS-CoV-2, and
Hepatitis B and C, LAMP faces challenges such as difficulty in multiplexing and the potential for

nonspecific amplification due to the extensive primer design.’*>’
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Figure 6. LAMP mechanism.*®

RPA
RPA is an ideally suited isothermal amplification technique for point-of-care nucleic acid amplification tests

(POC NAATSs) due to its sensitivity (fewer than 10 copies per reaction), specificity, rapid assay time (less
than 15 minutes), low incubation temperature requirement (approximately 40°C), inhibitor tolerance, and
stability of its lyophilized reagents at room temperature.*¢!. While RPA was under patent during part of

this work and expired in early 2024, alternatives like Recombinase Aided Amplification (RAA) were



available on the market during the patent protection. Now that RPA is officially off patent we have seen an
increase in vendors, such as ThermoFisher, selling RPA or RAA kits. RPA utilizes an internally quenched
DNA hybridization probe, that when bound and cleaved, allows for real-time, sequence-specific
fluorescence amplicon detection. Alternatively, endpoint detection can be carried out via gel electrophoresis
or lateral flow analysis. For amplification, RPA utilizes long primer oligonucleotides and three core
enzymes: recombinase, single stranded binding proteins, and a strand displacing polymerase. The
recombinase enzymes pair to oligonucleotide primers to facilitate strand displacement and D-loop
formation at homologous sequences in duplexed DNA. The D-loop is further stabilized by Single-Stranded
DNA-Binding Protein (SSB) preventing primer displacement. Then, Bsu, the stand displacing polymerase,
initiates DNA synthesis where the primer binds to the target DNA.
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Figure 7. Recombinase polymerase amplification process.®



Quantitative Isothermal Nucleic Acid Amplification Tests

In an effort to reduce the barriers of qPCR testing, isothermal DNA amplification assays have emerged as
replacement options to the traditional PCR assay. These assays have many perks and have been optimized
for POC use with rapid run times <30 minutes, minimal heating requirements, and robustness to expected
inhibitors. Yet these assays struggle with consistent quantification limiting the potential clinical utility to
semiquantitative or order of magnitude approximation.®> The hallmark thermal cycling parameter of PCR
provides selective control of DNA amplification, only allowing the denaturation, annealing, and extension
steps to happen once in a given cycle. Thus, as shown in Figure 3, DNA concentration is doubled every
cycle, providing PCR with a solid base for quantification in real time when a known concentration control

is run simultaneously.

Comparatively, isothermal assays utilize chemical energy, modified target templates, and simultaneous
annealing and extension resulting in stochastic amplification efficiency. Efforts have been made to quantify
LAMP and RPA reactions using time to threshold but have been only able to determine order of magnitude
of viral load as time to threshold metrics can vary by up to a minute in subsequent reactions.**> Changes
in target sequence due to differing target subtypes and small reaction permutations can also drive changes

in the reaction kinetics of these systems. %!

Published assays using LAMP and other isothermals in a microwell chips and poison distribution statistics
much like digital droplet PCR have shown progress and the ability for absolute quantification of nucleic
acids.”” 7 These methods meet or exceed the required dynamic range and quantitative precision for clinical
applications but struggle with POC applications such as genetic diversity, requiring specialized chips,
emulsion generators, long filling times, technologically advanced imaging for quantification, and multiple
fluid injections of immersible oil to: make, seal, and heat microspheres thus limiting their application in a
POC setting. As shown in Figure 8. "Slip Chip" design.”’ less intensive chip designs coined “SlipChips”

have also be published although these chips exhibit a smaller dynamic range.””’®
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Figure 8. "Slip Chip" design.”’

To circumvent the issues with microwell systems, hydrogel and membrane based support matrices have
also been published. Hydrogels have been demonstrated to be a suitable support matrix for quantitative
LAMP detection of SARS-CoV-27 and coliphages®® in water treatment surveillance. Free form membrane
based assays have also been published with the intent of reducing complexity and to automate sample
loading are able to circumvent these issues by constraining the reaction mixture to membranes. This is a
new and growing area of research with recent publications for the quantification of E.coli,®! MS2 phage,
methicillin-resistant Staphylococcus aureus®’, Dengue®®, and HIV%. This has been an area of the Posner

Research Group specialty and a growing area of interest.

1.2 COVID-19 Pandemic

Since its declaration as a pandemic in March 2020, COVID-19 has had major and lasting impacts on global
health and economies, with over 770 million reported cases and 6.9 million deaths. This period has also
been marked by a technical revolution in testing supported by initiatives like Rapid Acceleration of
Diagnostics (RADX), although these advancements have predominantly benefited high-income countries
(Figure 9). This disparity underscores the need for a more equitable distribution of healthcare innovations

to manage and mitigate the spread of the virus effectively.



Cumulative confirmed COVID-19 cases per million people

Due to limited testing, the number of confirmed cases is lower than the true number of infections.
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Figure 9. Cumulative confirmed cases of COVID-19. While a pandemic testing was concentrated in high
income countries.

SARS-CoV-2, the virus responsible for COVID-19, is transmitted primarily through airborne respiratory
droplets. While the potential for fomite-based spread exists, it is significantly lower than that of direct
respiratory droplet transmission. SARS-CoV-2 is an enveloped, positive-sense single-stranded RNA virus,
an approximate 29.9 kilobases genome that encodes 29 proteins. These include 16 nonstructural proteins
involved in viral replication, four structural proteins that form the virus particle, and nine accessory proteins
that modulate the host cell environment. The virus notably binds to the ACE2 receptor on host cells,

facilitating entry and infection.

Viral shedding and transmission dynamics are critical to understanding and controlling the spread of SARS-
CoV-2. Viral shedding can precede the onset of symptoms, often starting two days before. The highest viral
titers are observed in the earliest phases of infection, typically 1-2 days before symptom onset and during
the first 4-6 days of illness in patients without immunosuppression, with the illness duration ranging from
7 to 14 days. Furthermore, SARS-CoV-2 has demonstrated a high mutation potential, leading to the
emergence of significant variants of concern, such as Delta and Omicron variants. These variants and the
dynamic nature of the primary strain underline the complexity of managing the pandemic and the

continuous need for vigilance and adaptation in public health responses.



1.3 Current Diagnostics Tests for SARS-CoV-2
1.3.1 PCR Gold Standard Testing for SARS-CoV-2

Reverse transcription PCR (RT-PCR) is the gold standard for SARS-CoV-2 molecular testing due to its high
sensitivity and specificity, which is crucial for accurate detection during the early phase of infection when
viral titers are low.*> Scaled RT-PCR testing is primarily limited to central laboratories due to the need for
specialized equipment for nucleic acid extraction, assay preparation, thermocycling, and target detection.
These high-resource requirements result in delays from sampling to answer which delays clinical

interventions that can prevent disease progression or reduce community transmission.®

1.3.2 Rapid Lateral Flow

Rapid lateral flow testing (rLFA) is the most widely used SARS-CoV-2 testing mechanism because of its
low cost, ease of use, speed, and over-the-counter availability for use at home.®” rLFA testing is was also
allows for easy scaling due to low cost design and manufacturing which was highlighted in the
distribution of free rapid COVID-19 antigen tests that started January 15, 2022. These tests became
common due to their stability, rapid assay time (<15 minutes), limited user steps (collect, dilute, drop,
interpret), and ease of visual interpretation. Despite their high stability and ease of use, one notable
drawback is their poor sensitivity. Peer reviewed studies have shown that these tests have a 50% (95% CI,
45%-55%) accuracy compared to PCR during the infectious period.®® This poor sensitivity has led the
Centers for Disease Control and Prevention (CDC) to recommend serial testing over two days to confirm

a negative test result for COVID-19 rule out diagnosis.®

Rapid lateral flow assay (LFA) antigen LFAs have poorer clinical accuracy compared to nucleic acid-
based tests and have poorer limits of detection, so there are inherent risks that early infection may not be

detected when low viral loads are typically present.’%70-%

1.3.3 Point of Care NAAT

Commercial point-of-care (POC) RT-PCR based diagnostics (Abbott ID Now, Cepheid GeneXpert Xpress,
Roche cobas Liat, etc.) have been developed and received US FDA emergency use authorization to increase
the accessibility of molecular tests with high clinical diagnostic accuracy. These cartridge-based platforms
generally have an assay time greater than 30 minutes®*”> and use desktop readers that automate fluidic
handling, amplification, detection, and assay result interpretation. With the goal of increasing accessibility

to NAAT testing, government initiatives to accelerate product development (e.g., NIH RADx program) led



to several single-use disposable and lower cost NAATSs that were specifically targeted for community-based
use (physician’s office) or home/self-testing (e.g., Lucira Checklt, Cue COVID-19, Aptitude Metrix, etc.)
(Figure 10).”5% These commercially available tests use fluorescence or electrochemical detection and
require onboard electronics to sense, analyze, and report test results. Early in the pandemic these tests had
high utility in replacing PCR tests for airline travel and isolation bubbles.!**!°! Yet adoption of these tests
later in the pandemic was limited as high per test cost and assay time made rapid lateral flow tests more

appealing.

Lucira Check-It Cue Health systems

Figure 10. Commercial home-based NAATs for SARS-CoV-2 testing. Lucira Check-It and Cue Health
Systems

1.4 Challenges and Unmeet Diagnostic Needs of POC NAAT
Testing for SARS-CoV-2

Since the beginning of the COVID-19 pandemic, PCR testing has been a critical component in managing
the pandemic but has had several challenges. Due to the requirement for rapid scale up and the sensitivity
of PCR testing, establishing large-scale testing programs required a high degree of logistics and supporting
infrastructure. From sample collection to processing and reporting results, each step of the process required
coordination and resources. Due to the rapid influx of a high number of tests needing to be run, turnaround
times varied significantly from hours to days, affecting the tests utility as a public health tool and limiting
their effectiveness in rapid containment efforts. Further shortages of laboratory equipment, trained
personnel, and necessary reagents (such as testing kits and RNA-extraction kits) limited testing capacity,
highlighting the need for alternative testing mechanisms. Rapid antigen tests were developed to overcome
the weakness of PCR testing: long assay times, slow sample to answer time, and low cost. However, these

tests have inferior sensitivity compared to PCR tests as they are only used as a rule in not a rule out test.



To further reduce the sample to answer time while retaining the sensitivity and specificity of PCR,
isothermal NAATS were developed. Several of these NAATS received FDA emergency authorization
(Lucira, Cue, Aptidtude) for home use, allowing for highly sensitive and accurate distributed testing. These
devices achieve simplification in user interaction, leveraging advancements in microfluidics and integrated
the cartridge and reader. The requirement for onboard circuity and optics of these systems increased the

complexity of these tests and resulted in a relatively test cost ($34-$90).

To bridge the benefits of PCR testing with rapid antigen testing an isothermal NAAT with lateral flow read
out (LFA) is needed. The NAAT portion of the diagnostic will retain the sensitivity and specificity of PCR
tests. Using isothermal methods allows for a rapid assay time that is resistant to typical inhibitors. NAAT
testing also allows for duplexed reactions, adding a positive internal control to verify assay performance.
The LFA readout will reduce the complexity of detection allowing for a reduced cost of manufacturing. The
culmination of these properties will be an assay with the sensitivity and accuracy performance of PCR with

the speed and cost of a rapid antigen test.

1.5 HIV Epidemic

The Human Immunodeficiency Virus (HIV), the etiological agent of the Acquired Immune Deficiency
Syndrome (AIDS), was first identified in 1981, marking the beginning of a global health crisis that
continues to affect millions worldwide. ' Since its discovery, HIV has been responsible for approximately
80 million infections and 36 million deaths due to AIDS-related illnesses. ' As of the end of 2020, the
World Health Organization (WHO) estimated that 37.7 million people were living with HIV/AIDS globally,
with 680,000 deaths occurring in that year alone. '™ The disease disproportionately burdens low- and
middle-income countries, particularly in sub-Saharan Africa, which accounts for 70% of the global case

count (Figure 11). 1%

HIV is a bloodborne virus that can also be transmitted through other potentially infectious materials,
including semen, vaginal fluids, and breast milk.' The virus is characterized as an enveloped, positive-
sense single-stranded RNA virus with a relatively small genome of 9.7 kilobases. It encodes 9 proteins and

107

primarily targets CD4+ cells, a critical component of the human immune system.'’’ By infecting and

depleting these cells, HIV severely compromises the body's ability to fight off infections, eventually leading

to death from opportunistic infections in the absence of effective treatment.!%

One of the challenges in combating HIV/AIDS is the difficulty in diagnosing the infection. Often,

individuals do not exhibit symptoms for years following infection, despite being capable of transmitting



the virus to others. ' Additionally, the virus exhibits significant geographic diversity, with the main group
M virus having nine subtypes. Subtype B is predominantly found in North America and Europe, while
subtype C is common in South Africa.!'%!!! Other subtypes, such as O and N, are primarily observed in
smaller sections of Central Africa, indicating the virus's ability to mutate and adapt to different

populations.''?

Death rate from HIV/AIDS, 2019

The number of deaths from HIV/AIDS' per 100,000 people.
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Data source: IHME, Global Burden of Disease (2019) OurWorldInData.org/hiv-aids | CC BY
Note: To allow comparisons between countries and over time this metric is age-standardized.

Figure 11. Death rate of HIV. Low- and middle-income countries are the most heavily burdened with HIV

Antiretroviral therapy (ART) has been a monumental advancement in controlling the HIV/AIDS pandemic.
This therapeutic approach works by inhibiting the virus's ability to replicate within cells, effectively halting
the progression of the virus. The success of ART is largely due to the development and use of several key
classes of drugs, each targeting different stages of the viral life cycle. Reverse Transcriptase Inhibitors (e.g.,
Tenofovir) act as nucleotide analogues, inhibiting the reverse transcription process by which the viral RNA
is converted into DNA, a crucial step for viral replication. Integrase Inhibitors (e.g., Bictegravir) prevent
the viral DNA from integrating into the host cell's genome by inhibiting the integrase strand transfer process,
a necessary step for the virus to replicate.!'* Protease Inhibitors (e.g., Darunavir) bind to the catalytic site
of the HIV protease enzyme, blocking the cleavage of viral polyprotein precursors into functional proteins,
thus preventing the maturation of new viral particles.!'* In 2020, an estimated 27.5 million people

worldwide were receiving ART.''"> The widespread use of ART has led to significant viral suppression



among those treated, resulting in decreased HIV mortality rates and the virtual elimination of
transmission.!'!17 Additionally, ART has been employed prophylactically for individuals at high risk of

HIV infection as Pre-exposure Prophylaxis (PrEP), further reducing the chances of transmission. !!8:11

In 2014, the Joint United Nations Programme on HIV/AIDS (UNAIDS) set ambitious 90-90-90 targets to
be achieved by 2020. These targets aimed for 90% of people living with HIV (PLHIV) to know their status,
90% of those who know their status to be receiving ART, and 90% of those on ART to achieve viral
suppression. By 2020, progress toward these targets showed that 81% of PLHIV knew their status, 79% of
those were on ART, and 92% of those treated were virally suppressed.''”> However, overall, only 59% of

PLHIV had achieved viral suppression, indicating areas where further efforts are needed.

1.5.1 Need for Viral Load Testing

Viral load testing stands as a crucial tool in the control and management of the HIV pandemic. Viral load
tests measure the levels of HIV RNA in the plasma extracted from whole blood and serve as an indicator
of the disease's state and the efficacy of ART. The ability to quantify the viral load provides healthcare
providers with essential data to tailor treatment plans effectively and monitor the patient's response to
therapy. Regulatory agencies worldwide have established various definitions for viral suppression,
reflecting the test's significance in disease management. The World Health Organization (WHO) considers
viral suppression to occur at levels below 1,000 copies/mL, while both the Centers for Disease Control and
Prevention (CDC) in the United States and the European AIDS Clinical Society (EACS) set a lower
threshold, CDC at less than 200 copies/mL and EACS at less than 50 copies per mL. A crucial milestone in
HIV treatment is achieving an "undetectable" viral load, which has led to the widely accepted principle that
"undetectable equals untransmittable" (U=U), highlighting the reduced risk of HIV transmission.!'?
Conversely, viral loads exceeding 1,000 copies/mL in patients undergoing ART are typically indicative of
viral rebound, prompting clinical decisions to modify treatment regimens, often involving the switch to
second-line drugs.!?! Regular monitoring through viral load tests, recommended every 3 to 12 months for
patients on ART, is essential for timely adjustments to treatment plans and ensuring ongoing viral

suppression.'??

Moreover, viral load testing serves as the earliest detection mechanism for new HIV infections, with the
virus becoming detectable as soon as 10 days post-exposure. This is significantly sooner than the detection
window for HIV antigens, which appears 20 to 24 days following exposure.”'** Despite its critical role in
early detection and management of HIV, the widespread implementation of viral load testing is hampered

by its high resource requirements. This limitation restricts testing capabilities primarily to central



laboratories, resulting in only 60% of people living with HIV (PLHIV) having regular access to these tests.
To achieve the UNAIDS 90-90-90 targets, approximately 60 million viral load tests are needed. '**
Highlighting the need for rapid and available testing.

1.5.2 Process Flow for Viral Load Testing

HIV wviral load testing involves several complex steps. These include sample collection, blood
fractionation, viral lysis, RNA extraction, amplification, and detection (Figure 12). One of the significant
challenges lies in preparing the sample for “sample-to-answer” viral load tests. This preparation requires
blood fractionation, virion lysis, and nucleic acid extraction before proceeding to downstream amplification

and detection.

When conducting POC viral load testing, whole blood samples can be obtained through various methods:
venipuncture (using 0.2 to 2 ml of blood), heel prick, or finger prick (using less than 200 ul of blood).!?>!26
To improve amplification and reduce proviral DNA, the plasma is separated from the whole and the other
constituents of whole blood are removed.'?"!*® There have been developments in plasma separation that

involve centrifugation, sedimentation, and membranes.'*'3!
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Figure 12. Various steps for a potential POC HIV viral load test.'*?



Once purified plasma is obtained, the work flow is similar to that in NAAT workflow above. Extracting the
genomic RNA material from the HIV virion is crucial. The virion can be lysed with heating, detergents,
enzymes, or chaotropic salts (71-74).!33713% With the RNA free, purification is necessary to reduce
contamination and inhibitory agents in downstream amplification. Solid phase extraction is the gold
standard method, yet requires high concentrations of chaotropic salts and washing steps.*® Research has
been carried out to reduce the complexity of these streps suitable for a POC paper-based devices, such as
chitosan-coated membranes'*® and electrophoretic separation of nucleic acids from blood.®” Despite this,
automated sample preparation of HIV lysis and RNA extraction from blood samples remains a

challenge.!37:138

gPCR has been the gold standard for NAAT testing for HIV.'* Due to the requirements of thermocycling,
stable power, aseptic preparation areas, and high purity target materials, PCR assays are difficult to employ
at the POC. Many isothermal assays have been proposed that do not require thermocycling, are more robust
to contaminants and inhibitors, and have faster run times.”140-142 Yet these assays lack quantification ability

which is critical for clinical decision making.

1.5.3 Clinical Laboratory testing

Various molecular platforms exist for accurate, high-throughput HIV viral load testing (Hologic Panther
Fusion, Abbott m2000, Roche cobas). These platforms integrate and automate the sample preparation and
amplification using robotic or microfluidic manipulation allowing for 100s-1,000s of tests to be completed
per hour. However, these methods typically require highly resourced laboratory infrastructure, highly
skilled technicians, and large upfront investment (>200,000 USD). In remote locations, logistical challenges
arise when transporting samples to centralized laboratory facilities, including scheduling specimen pick-
up, maintaining sample integrity, and communication of results. POC assays offer an alternative by

allowing testing outside of centralized labs, but they encounter specific limitations.

1.5.4 POC HIV Testing

To reduce the barriers in centralized laboratory testing, especially in remote clinical settings with limited
resources, POC assays must function effectively under extreme environmental conditions (such as high
temperatures, humidity, and dust). They should also minimize reliance on power supplies, facilitate simple
sample collection, and feature automated equipment for user-friendly operation following minimal training.

Furthermore, a POC HIV viral load assay must convey information about viremia levels consistent with



clinical standards for identifying virological failure. Currently, the World Health Organization (WHO)
defines this threshold as 1,000 RNA copies/ml. Considering the availability of newer, more effective
medications for viral suppression, modern POC HIV viral load assays should achieve a lower limit of
quantification (200 copies/ml to meet EACS standards). Additionally, these assays should be user-friendly
for local healthcare workers with minimal training. Ensuring diagnostic accuracy across diverse contexts

remains critical for successful POC viral load testing.

1.5.5 Commercially Available Testing

In response to the global health challenges posed by HIV, several diagnostic devices have been developed.
For HIV viral load monitoring, devices such as the Abbott m-PIMA, Diagnostics for the Real World's
SAMBA 11, and the Cepheid GeneXpert have made significant inroads (Figure 13). These devices have
simplified preparatory steps and leverage advancements in microfluidics and cartridge-reader integration.
As a result, several have been granted CLIA waiver status.*’ In the case of HIV viral load testing, devices
like the Cepheid GeneXpert have been effectively deployed, requiring only a small volume of centrifuged
blood to separate plasma for analysis. The GeneXpert only requires 1 mL of plasma and can deliver results

within 91 minutes with a sensitivity of 14 copies per milliliter, and is capable of quantifying M, O, N, and

143-145

P subtypes.

Abbott m-PIMA DRW Samba lI Cepheid GeneXpert Il

Figure 13. Commercialized point-of-care NAATs for HIV viral load testing. (A) Abbott m-Pima (B) DRW
Samba II (C) GeneXpert 11

In the case of HIV viral load testing, despite these advancements, challenges remain. The cost of equipment,
such as readers which can range between $10,000 to $25,000, and the ongoing need for consumable
cartridges, present financial barriers.'*>!%¢ Furthermore, while the requirement for technical training has
been reduced, it has not been eliminated. The necessity of a power source also persists. As such, there is a

clear need for continued innovation in this field. Efforts to further reduce the costs associated with testing,



shorten the time to results, simplify user procedures, and minimize training requirements are essential. Such
innovations are critical for expanding the scope and reach of dispersed testing programs, making them more

accessible to a wider range of users.

1.6 Challenges and Unmet Diagnostic Needs for POC NAAT
Testing for HIV

Blood borne diseases pose a challenge for POC NAATs due to the complexity of blood as a sampling
medium and is exacerbated by intricacies of HIV. HIV replicates in CD4+ cells as HIV inserts and
integrates its proviral DNA within the cellular genome for viral component replication thus viral load
assays cannot distinguish between viral RNA and proviral DNA which can inflate viral load
measurements. To circumvent this issue many assays use plasma as the sample media in place of whole
blood so only viral RNA is measured. This necessitates a separation step adding to the complexity of a
potential POC device. Further, hemoglobin and nucleases found in blood must be removed and
inactivated during sample preparation as these are known amplification inhibitors. HIV is also a
genetically diverse virus with HIV-1 having four groups that are further split into additional subtypes.
This genetic diversity makes nucleic acid targeting difficult as mismatched primers can result in reduced
or non-amplification. The relevant and necessary limits of detection in viral load monitoring are also
extremely demanding. A published target product profile proposes an optimal limit of detection of 200
copies/ml and sample specimen of less than 200 pl of finger capillary blood. Considering plasma is
around 55% of blood by volume that leaves only 22 copies of RNA for amplification, the limit of most
assays in ideal conditions forgoing any preparation steps. Thus, there is an unmet need for a POC device
that automates all diagnostic steps, including sample preparation and amplification, ideally without high

electrical power demands and instrumentation costs for robotics, optics, or pumps.

1.7 Research objectives

In the work I present in this document I aim to address bottlenecks amplification and detection in the NAAT
testing workflow. For SARS-CoV-2 1T will do this using a novel implementation of internal control
mechanisms for sample validation to report on the preparation, amplification, and detection of SARS-CoV-
2. This work blends the sensitivity and specificity of a PCR based diagnostic test with the speed and ease
of use of a rapid antigen test. Then, as I detailed in previous sections, | have demonstrated the need and

requirements of HIV viral load testing at the point-of-care. For HIV I will implement a novel assay for the



extended dynamic range for HIV viral load testing. In order to address these objectives, I will detail the

following works:

1. Development of a one-pot, duplexed RT-RPA SARS-CoV-2 assay with an MS2 bacteriophage as a
full process control.

2. Improve the upper quantifiable range of ANSA using physiochemical optimization to allow for
more distinct nucleation sites to be counted.

3. Develop machine learning models to accurately extend the dynamic range of ANSA by extracting

additional information from image data.



2 SARS-CoV-2 recombinase polymerase amplification
assay with lateral flow readout and duplexed full process

internal control

2.1 Introduction

From the onset of the SARS-CoV-2 pandemic, diagnostic testing has played a crucial role in monitoring
and diagnosing new infectious cases. SARS-CoV-2 and the associated COVID-19 disease is expected to
circulate indefinitely as SARS-CoV-2 continues to mutate, introducing new sub-variants with enhanced
immune evasion.'*” Diagnostics will continue to play a key role in the timely identification of new cases to
stop the spread of disease, inform masking and isolation standards, initiate clinical decisions with patient
care plans (e.g., monoclonal antibodies, Paxlovid, etc.), and ensuring safe community gatherings and public

openings.”

Isothermal NAATs with LFA readout can offer the high diagnostic accuracy of RT-PCR and the low-cost
and ease of use of antigen-based LFAs. Recombinase polymerase amplification (RPA) is an attractive
isothermal amplification method due to its speed (<15 mins), accuracy, and low incubation temperature
(~40 °C). Early in the pandemic, multiple SARS-CoV-2 RPA assays were published that targeted either the
nucleocapsid (N)*8-151 spike (S)"3%!2, RNA dependent RNA polymerase (RdRp)'>?, or open reading frame
1 (ORF1ab)!3%!5* genes with analytical sensitivities as low as 10 RNA copies per reaction while leveraging
fluorescent output and/or lateral flow detection. Several RPA assays using LFA detection have incorporated
duplexing of multiple SARS targets, RNase P for sampling validation, or simultaneous detection of SARS-

CoV-2 and influenza virus targets.'>>'%

While targeting the human RNase P gene is useful for confirming
sampling integrity from a human source, it is not a full process internal control as it is DNA-based and fails

to report on potential RNA degradation and reverse transcription.

In this work, I report on the development of a one-pot, duplexed RT-RPA SARS-CoV-2 assay with an MS2
bacteriophage as a full process control. The duplexed assay can detect amplicons with real-time
fluorescence or lateral flow readout using commercially available RPA reagent kits that include an
exonuclease for molecular probe cleavage (TwistAmp Exo). The MS2 bacteriophage process control reports
on successful operation of lysis, reverse transcription, and amplification. The assay has a SARS-CoV-2
RNA sensitivity of 25 copies per reaction when using fluorescence readout and 50 copies per reaction with
lateral flow detection. We also demonstrate the ability of the current assay to detect the SARS-CoV-2 Delta
and Omicron variants. To our knowledge, this is the first report of a duplexed SARS-CoV-2 lateral flow



detection assay to incorporate a full process internal control that reports on lysis, reverse transcription, and
amplification. This is also the first reported usage of TwistAmp exo RPA kits for both fluorescence and
lateral flow readout, opening the potential for multiple assay readout options with a single reagent format

given the resources at the point of testing.

2.2 Materials and Methods
2.2.1 SARS CoV-2 Virus RNA and Virion Stocks

Purified RNA for influenza A (NR-2773), influenza B (NR-10047), HCoV-NL63 (NR-44105), HCoV-
OC43 (NR-52727), HCoV-229E (NR-52728), SARS-CoV-2 Delta Lineage B.1.617.2 (NR-56127), and
SARS-CoV-2 Omicron Lineage B.1.1.529 (NR-56494) were used for the specificity analysis and variant
detection (BEI resources, USA). Intact bacteriophage MS2 was grown and isolated using an established
protocol.'®® Quantified SARS-CoV-2 virus inactivated via gamma irradiation (NR-52287) was obtained

from BEI Resources. All purified RNA and virus stocks were stored at -80°C until use.

2.2.2 SARS-CoV-2 RT-RPA Assay Development and Fluorescence Readout

Monoplex SARS-CoV-2 RPA reactions contained 29.5 pL. TwistAmp rehydration buffer (TwistDx
Limited, UK), 2.6 uL of 10 uM forward primer, 2.6 pL of 10 uM reverse primer (Integrated DNA
Technologies, USA), 0.75 uL of 10 uM FAM-Iabeled probe (Eurogentec, Belgium), 0.5 uL of 50 U/uL
reverse transcriptase (Agilent AffinityScript, USA), 5 uL of quantified synthetic SARS-CoV-2 RNA
(Twist Bioscience, USA), and 6.55 uL of nuclease-free water added to a TwistAmp Exo pellet (TwistDx
Limited, UK). 2.5 uL of 280 mM of magnesium acetate (TwistDx Limited, UK) was added to the RPA
tube cap, bringing the total reaction volume to 50 pL. We agitated the tubes by repeatedly inverting them
for 20 seconds to activate the DNA polymerase with the magnesium cofactor before placing them in a
benchtop fluorometer designed for use with isothermal nucleic acid amplification assays (Axxin T16,
Axxin, AUS). The RT-RPA protocol consists of an initial five-minute incubation step at 39°C, after
which the reaction tubes are removed from the fluorometer, agitated for 30 seconds, placed back into the
fluorometer, and incubated for 10 additional minutes. The LED intensity setting of the T16 fluorometer

was set to 7% for the FAM channel.

The RT-RPA assay was designed to target the nucleocapsid (N) gene based on the SARS-CoV-2 reference
genome (GenBank NC 045512). The assay uses an internally quenched fluorophore probe that was
designed using computational and manual methods. Candidate probe sequences were generated using RPA

assay design software PrimedRPA.'®! The final probe sequence for the assay was selected based on the



location of available thymine residues for an internally quenched fluorophore, genome conservation
through alignment of other available sequences, and low degree of homology through BLAST alignment
of other respiratory viruses. Twelve primer pairs were then designed around this probe sequence using
PrimedRPA'! and screened using RT-RPA with fluorescence readout. The best primer candidates were
chosen based on time to threshold and slope of the exponential amplification curve. The primers were
redesigned with single base-pair shifts and length changes for second round screening, following the
TwistDx assay design manual. The primers were again screened for optimal time to threshold. In total, 21
different primer pairs were evaluated with the top performing pair being selected for subsequent
experiments (Figure 14). The resulting primer pair (Table 1) displayed the shortest time to threshold and

the steepest exponential amplification slope. MS2 primers and probe are provided in Table 1.6
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Figure 14. SARS-CoV-2 primer screening. Primers were designed following the Twist RPA design manual.
All primer mixes were tested at 103 copies per reaction. Lines show an average of three replicates with

error bars as the replicate standard deviation. Primer mix 2 was selected as the optimal primer combination

and used for all subsequent testing.

Sequence-specific amplicon detection of SARS-CoV-2 and MS2 via RT-RPA employs enzymatically-
cleaved homologous probes. These probes have 48 base pairs, use a FAM or ROX fluorophore, a

tetrahydrofuran (THF) residue, an internal quencher (only in fluorescence readout probe design), and a 3’



block to inhibit probe extension. The fluorescence detection mechanism for SARS-CoV-2 uses a thymine
modified with a FAM fluorophore that is 5’ of a proximal THF site and a subsequent thymine modified
with an internal fluorophore quencher, as detailed elsewhere.'®® Fluorescence detection of MS2 follows the
same methodology with the difference of a ROX fluorophore in place of the FAM fluorophore. Given
sufficient sequence homology, the DNA exonuclease III (Exo) acts on the THF site, freeing the fluorophore
and quencher and allowing for fluorescence. While this assay utilizes a sequence-specific probe, perfect
homology across the primer and probe targeting region is not required as RPA has been shown to tolerate
up to 15 mismatches, allowing for a high degree of cross variant detection.”! In silico alignments displayed
two total mismatches for the delta variant with a G to T mutation on the probe’s first 5’ base, the other
mutation occurs outside the primer or probe regions. Alignments also show 3 consecutive mismatches
(GGG to AAC) in the omicron variant. These occur outside the primer and probe hybridization regions,

and therefore do not impact the assay’s performance.

Duplexed RT-RPA assays with fluorescence readout used the same reaction protocol as outlined above,
with adjustments to include MS2 bacteriophage RNA, primers, and probe. Duplexed RT-RPA reactions for
SARS-CoV-2 and MS2 included 1.08 pL of 10 uM MS2 forward primer, 1.08 pL of 10 uM MS2 reverse
primer (Integrated DNA Technologies, USA), 0.19 pL of 10 uM MS2 probe labeled with a ROX
fluorophore (LGC Biosearch Technologies, UK), 2 pL of 4.2 x 10° copies per uL (cps/uL) MS2 RNA
(Sigma Aldrich, USA), and nuclease-free water as needed to achieve a total reaction volume of 50 pL. As
outlined above, tubes were agitated immediately before placing in an Axxin T16 for incubation at 39°C and
fluorescence readout. The LED intensity setting in the FAM channel was set to 7% while the ROX LED

intensity was set to 52%.

2.2.3 Lateral Flow Detection of SARS-Cov-2 RT-RPA Assay

For LFA detection assays, both the reverse SARS-CoV-2 primer and MS2 reverse primer had a biotin and
digoxigenin moiety added respectively while the MS2 probe utilized a 5> FAM fluorophore in place of the
internal ROX. Reactions were run as described earlier except the final concentration of SARS-CoV-2
forward and reverse primers were 420 nM each with 120 nM of probe and MS2 forward and reverse primers
were 210 nM with 60 nM probe. After incubation at 39°C, we diluted the RPA product 1:25 in running
buffer (HybriDetect 2T, Milenia Biotec, Germany), and pipetted 10 pL of diluted product directly onto a
lateral flow test strip (HybriDetect 2T, Milenia Biotec, Germany) before placing the LFA vertically in a
tube with 80 uL of running buffer (HybriDetect 2T, Milenia Biotec, Germany). The immediate dilution
negated the need to stop the reaction with EDTA.



After eight minutes of run time, the LFA test strips were removed, pat dried with a Kem wipe (Kimberly-
Clark, USA) and scanned with an Epson V370 photo flatbed scanner for use in code-based image analysis.
The LFA images were processed by a code (Python 3.10) that calculates the line average intensity of the
test line region. A positive result was determined if the line intensity of the test line exceeded the intensity
threshold set by the average of all NTCs plus three standard deviations. For qualitative presentation here,

the LFA were dried and digitally imaged (EOS Rebel T3, Canon) with a 60mm macro lens.

Duplexed RT-RPA with lateral flow detection leveraged the chemistry above with the addition of MS2
RNA, primers, and probe. Duplexed reactions included 1.05 pL of 10 uM forward primer, 1.05 pL of 10
uM MS2 reverse primer labeled with digoxigenin, 0.3 pL of 10 uM MS2 probe labeled with a FAM
fluorophore (Integrated DNA Technologies), 2 pL of 4.2 x 10° cps/uL MS2 RNA (Sigma Aldrich), and
nuclease-free water as needed for a 50 pL total reaction volume. The duplexed assay with LFA readout was

conducted in the same manner as outlined for single target detection.

Table 1 Optimal primer and probe sequences for the SARS-CoV-2 assay.

Oligo Sequence
SARS-CoV-2 Forward AAGCCTCTTCTCGTTCCTCATCACGTAG
SARS-CoV-2 Reverse GTTGGCCTTTACCAGACATTTTGCTCTCA

SARS-CoV-2 Reverse Lateral Flow GTTGGCCTTTACCAGACATTTTGCTCTCA-[biotin]

GGCGGTGATGCTGCTCTTGCTTTGCTGC-[T(FAM)]-G-
dSpacer-[T(BHQ1)]-TGACAGATTGAACCAGC-Spacer C3

SARS-CoV-2 Probe

MS?2 Forward Primer TCGAGAGAAAGATCGCGAGGAAGATCAATACATA
MS?2 Reverse Primer CCTCAGCAATCGCAGCAAACTCCGGCATCTACT

CCTCAGCAATCGCAGCAAACTCCGGCATCTACT-
[DIG]

MS2 Reverse Primer — Lateral Flow

CTTCTTTGTTGTCTTCGACATGGGTAA-[T(ROX)]-C-
dSpacer-[T(BHQ2)]-CATGTTTGAATGGCC-Spacer C3

MS2 Probe — Fluorescence

[FAM]-CTTCTTTGTTGTCTTCGACATGGGTAATC-
dSpacer-TCATGTTTGAATGGCC-Spacer C3

MS2 Probe — Lateral Flow

We use two different RPA probe designs in the LFA assay, which are detailed in Table S1. The first is an

internally quenched probe targeting SARS-CoV-2 that is also used for fluorescence readout. The second is



a probe with an unquenched 5’ terminal fluorophore label for MS2 amplicon detection as described in the
TwistDx design manual and as published in past RPA assays with LFA readout.!®*!® LFA “sandwich”
immunochemistry detection on a nitrocellulose strip uses these RPA probes combined with modified
primers: 5° biotinylated SARS-CoV-2 reverse primer and 5 digoxigenin-labeled MS2 reverse primer. LFA
banding visualization is based on the binding of a dual labeled RPA product being “sandwiched” between
the immobilized receptor and an anti-FAM antibody conjugated to a gold nanoparticle. The first binding
domain detects the SARS-CoV-2 amplification product which is labeled via the biotinylated reverse primer
and cleaved FAM probe, as illustrated in Figure 15. The second binding domain detects the MS2
amplification product which is similarly labeled with digoxigenin and FAM. The third binding domain
serves as the LFA flow control by capturing conjugated gold nanoparticles that did not bind to RPA

products.

2.2.4 Viral Lysis and MS2 Bacteriophage Internal Control

For viral lysis studies, inactivated SARS-CoV-2 and MS?2 viral stocks were diluted in PBS pH 8.0
buffer to 600 genome copies per pL. To ensure no extracellular RNA was present in the samples prior to
lysis, 5 uL of the viral samples were treated with 5 uLL of 10 mg/mL RNase A (ThermoFisher) followed by
an inactivation step of 5 uLL of RNasin™ Plus Ribonuclease Inhibitor (Promega, USA). These steps were
carried out sequentially at 37°C for 5 minutes each to degrade free RNA prior to lysis. Heat lysis was
completed with incubation at 95°C for 5 minutes. 5 puL of the lysate was then spiked directly into RT-RPA
reactions. Non-lysed controls without the 95°C heat lysis step were run to verify the absence of free RNA

in viral stocks.
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Figure 15. Overview of the COAST assay. [llustration of the duplexed RT-RPA assay with either real-time
fluorescence or LFA-based detection. (A) The one-pot RT-RPA assay can be read out in real time using a
fluorometer held at a constant 39°C. (B) Mechanism of Exonuclease cleaved fluorophore and quencher
pairs for real-time multiplexed detection. When the SARS-CoV-2 amplicon is cleaved, the FAM
fluorophore is detected. When the MS2 product is cleaved, the ROX fluorophore is detected. (C) Duplexed
endpoint detection is also possible by LFA. (D) Design of the LFA. The LFA test strip is comprised of three
ligand-receptor binding domains and includes the flow control line, labeled MS2 process control test line,

and labeled SARS-CoV-2 test line.

2.3 Results and Discussion

We evaluated the limit of detection (LOD) of the RT-RPA assay for SARS-CoV-2 and duplexed detection
of SARS-CoV-2 and the MS2 internal control using fluorescence readout. Figure 17A shows real-time RT-
RPA fluorescence intensities over a 15-minute incubation for reactions ranging from 5 to 250 SARS-CoV-
2 RNA copies per reaction (cps/rxn) with five replicates at each concentration. Figure 17B shows SARS-
CoV-2 and MS2 duplexed RT-RPA reactions with varying SARS-CoV-2 RNA concentrations and 8 x 10*
cps/rxn of MS2 RNA for all experiments. For all duplexed reactions at varying SARS-CoV-2 input copies,



the corresponding MS2 reactions successfully amplified, except the no template controls (NTCs) which
contained no SARS-CoV-2 or MS2 RNA. For both the mono and duplex RT-RPA reactions, we observe
strong amplification in less than 10 minutes down to 25 cps/rxn of each replicate. We also evaluated the
RT-RPA assay at copy loads greater than 250 cps/rxn, up to 5 x 10° cps/rxn, which all amplified consistently
(Figure 16). We observed more variability in exponential amplification slope and time to threshold in the
low copy replicates. A similar effect has been observed in other RPA studies.®>!> Figure 17B also
demonstrates the effect of multiplexing on the reaction as the time to threshold and total overall fluorescence
output of the SARS-CoV-2 assay is inhibited when compared to the monoplexed reaction. This inhibition
is due to the competition of the SARS-CoV-2 and MS2 primers and probes for the limited RPA reagents

needed for amplification.
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Figure 16. SARS-CoV-2 detection at high copy input. Detection of copies per reaction of RNA by the
single target SARS-CoV-2 assay. All tested RNA input from 50,000-25 copies per reaction amplified
successfully in one pot RT-RPA.

Within the duplex RT-RPA assay, the MS2 input copies and concentrations of primers and probe were
optimized to retain a low LOD for SARS-CoV-2 detection, while also consistently amplifying the MS2
internal control. The SARS-CoV-2 primer and probe concentrations were conserved throughout both the

mono and duplexed assays. MS2 primer and probe concentrations were determined through a systematic



screening of lower MS2 oligo concentrations while maintaining SARS-CoV-2 assay performance.
Concurrent with the oligo concentration, we evaluated MS2 input copies on the amplification behavior. The
final concentration of MS2 RNA in the assay was determined through optimization such that the time to
threshold of the MS2 amplification was less than 7 minutes and all MS2 reactions consistently amplified
regardless of input copy load of SARS-CoV-2 RNA. We observed that the optimal total oligonucleotide
concentration in the reaction was 1540 pM. Further increases in the oligo concentration demonstrated
increased time to threshold and reduced exponential amplification slope, resulting in worse duplexed assay
performance. We hypothesize that the decrease in performance is due to oligo saturation of the single
stranded binding proteins and/or recombinase proteins, which inhibits the strand invasion and primer

hybridization steps of RPA.
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Figure 17. RT-RPA amplification of SARS-CoV-2 RNA. The number of RNA target copies given per
reaction. (A) Single target detection of SARS-CoV-2 (N=5). (B) Duplexed detection of SARS-CoV-2 and
MS2 (N=5). All reactions containing MS2 RNA internal control amplified. Data shown with a baseline

correction by subtracting the fluorescence value at 4 minutes.

In order to implement LFA detection of RT-RPA products, we explored different probe designs and
TwistAmp RPA enzyme kits for LFA detection. Many previously published RPA assays with LFA readout
use the TwistAmp nfo kit and a 5’ unquenched fluorophore probe as in the TwistAmp RPA design

manual.'®1% At the time of experimentation, the TwistAmp nfo kit was discontinued and no longer



available for purchase from TwistDx Limited (now a subsidiary of Abbott Laboratories). Attempts were
made to spike purchased endonuclease IV (nfo) enzyme to a TwistAmp basic kit with mild success (data
not shown); however, through experimentation we found that sensitivity of the LFA assay was improved
using the TwistAmp exo kits, which are typically reserved for real-time fluorescence readout. We evaluated
the performance of the internally quenched fluorescence detection probe design compared to a 5’
unquenched fluorophore LFA probe design and found the detection limit to be equivalent. Further
discussion is available in the appendix section 6.1. To demonstrate the utility of these probe designs, we
carried out all LFA readout experiments using the 5’ unquenched FAM fluorophore probe design for MS2
detection and the internally quenched FAM fluorophore probe design for SARS-CoV-2 detection. We
observed that employing TwistAmp exo kits and internally quenched probes enables dual readout, either
through real-time fluorescence or endpoint LFA analysis. This is notable because RPA primer and probe
screening is most efficiently performed using real-time fluorescence data to indicate optimal primer and

probe combinations, which can then be leveraged directly for LFA readout if desired.

Using the RPA probe design, we conducted experiments to detect SARS-CoV-2 using RT-RPA paired with
lateral flow readout. Figure 18 shows representative LFA strip images and quantitative measurement of
LFA line intensities (5 strip average) for SARS-CoV-2. The images show positive lines for the flow
controls and SARS-CoV-2 for all concentrations down to 25 copies per reaction. The MS2 LFA line is not
present, as expected, because the MS2 RNA, primers, and probe are not included in the monoplex version
of the assay. The quantitative results in Figure 18B show that the line intensity increases with increasing

input copy numbers.

We repeated these lateral flow readout experiments with the duplex RT-RPA assay for SARS-CoV-2 with
MS?2 internal control. Figure 19 shows representative strip images of the duplexed LFA and quantitative
measurement of LFA line intensities averaged over 5 replicates. The images show a positive line for the
flow control, MS2 internal control, and the SARS-CoV-2 strip regions for all concentrations down to 25
copies per reaction. We observe that the MS2 line intensity levels are greater than the SARS-CoV-2 test
lines. This is likely due to the excess MS2 RNA in the reaction. The quantitative analysis shows that the
SARS-CoV-2 line intensity decreases with copy number, except at 25 cps/rxn where the average line
intensity and standard deviation is much greater than expected. This is due to two replicates, one where the
SARS-CoV-2 test stripe intensity was much greater than three replicates and one replicate that failed to
develop a line at an intensity reaching the determination cut off both visually and by the objective code

method. This low line intensity replicate was retested with the same result. As observed in the fluorescence



readout data in Figure 17, high variation in RT-RPA amplification is common near the limit of detection of

the assay.

Table 2 summarizes the observed LODs of the RT-RPA assay with fluorescence or LFA readout for both
monoplex detection of SARS-CoV-2 and duplexed detection of SARS-CoV-2 and the MS2 internal control.
We list the detection fraction of SARS-CoV-2 RNA from 250 cps/rxn to 5 cps/rxn stratified by readout
method and monoplexed versus duplexed target detection. RT-RPA with fluorescence readout
demonstrated lower LOD with mixed positive results at 5 cps/rxn and a limit of detection of 25 cps/rxn in
both single target and duplexed assays. Monoplexed RT-RPA with LFA readout exhibited a 100% SARS-
CoV-2 detection rate down to 25 cps/rxn. The duplexed LFA of variable SARS-CoV-2 target and fixed
MS?2 target demonstrated 100% detection rate down to 50 cps/rxn and 80% detection rate at 25 cps/rxn.
Neither monoplexed nor duplexed LFA could detect any LFA banding through either visual or analytical

detection at 5 cps/rxn-
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Figure 18. Monoplexed LFA analysis. A) Representative lateral flow test strip readouts for RT-RPA assays
with varying SARS-CoV-2 RNA input copy numbers. Orange lines denote composite image, strips taken
from separate images and merged into one. B) Average (N=5) SARS-CoV-2 test line intensity plotted with
error bars representing one standard deviation (N=5 for all concentrations). The horizontal dotted line is the
positive test threshold defined as the NTC SARS-CoV-2 test line average intensity plus three standard

deviations.
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Figure 19. Duplexed LFA analysis. A) Representative test output. Orange lines denote composite image,
strips taken from separate images and merged into one. B) Average (N=5) SARS-CoV-2 test line intensity.
Horizontal dotted line is the positive test threshold defined as the NTC SARS-CoV-2 test line average

intensity plus three standard deviations.

Table 2 Detection results of RT-RPA for respective assay and readout type. Positive test outcome threshold

determined by NTC signal intensity average plus three standard deviations.

250 100 50 25 5
Detection Method NTC

cps/rxn cps/rxn cps/rxn  cps/rxn cps/rxn
Singleplex RT-RPA with

5/5 5/5 5/5 5/5 3/5 0/5
fluorescence
Duplex RT-RPA with

5/5 5/5 5/5 5/5 2/5 0/5
fluorescence
Singleplex RT-RPA with

5/5 5/5 5/5 5/5 0/5 0/5
LFA
Duplex RT-RPA with LF

5/5 5/5 5/5 4/5 0/5 0/5

A




The duplex RT-RPA assay with LFA readout was tested with other respiratory viruses in order to assess its
analytical specificity. Table 3 shows detection of SARS-CoV-2 variants Delta B.1.617.2 and Omicron
B.1.1.529 and cross-reactivity screening against genomic RNA from other common respiratory viruses.
The data shows that the assay has no cross-reactivity with influenza A, influenza B, human coronavirus
229E (HCoV-229E), HCoV-NL63, or HCoV-OC43. The SARS-CoV-2 Delta and Omicron variants RNA
were detected in all three replicates at input copy loads of 10° cps/rxn (Figure S6-7). We did not thoroughly
evaluate the LOD for these variants of concern, but we expect similar results to Table 2 which used RNA
from the ancestral SARS-CoV-2 strain. In alignments of these SARS-CoV-2 variant sequences with our
RPA primers and probe, we discovered no mismatches in the hybridization regions; therefore, we anticipate
no significant effect on limit of detection. There are some sublineages that introduce minimal mismatches
with our RPA sequences, but we do not expect significant impacts to our assay’s performance due to the

mismatch tolerance of RPA that has been reported previously by our research group and others.®*”!

Table 3 Other viral RNA screened with the duplexed RT-RPA LFA assay. We evaluated cross-reactivity
using Flu A/B RNA and other common human coronaviruses. We demonstrated detection of SARS-CoV-2

variants of concern.

Concentration Positive

Virus (cps/rxn) replicates
Flu A 10° 0/3
FluB 10° 0/3
HCoV-229E 10° 0/3
HCoV-NL63  10° 0/3
HCoV-0C43  10° 0/3
Delta 10° 3/3
Omicron 10° 3/3

We validated the internal MS2 viral control using heat for viral lysis and sample preparation. Heat lysis has
been demonstrated as an effective viral lysis technique compatible with nucleic acid amplification
assays. 20166167 We conducted a series of duplexed RT-RPA experiments with LFA readout at 10° copies
per reaction (N=3) to demonstrate efficacy of heat-based lysis and the MS2 full process internal control.

Prior to RT-RPA analysis, we pre-treated intact SARS-CoV-2 virus and MS2 bacteriophage to generate



four different samples: MS2 and SARS-CoV-2 both heat-lysed, only SARS-CoV-2 lysed, only MS2 lysed,
and no lysing. Figure 20 shows representative images of LFA strips for RT-RPA of pretreated samples
directly added to reactions. All four conditions yielded the expected results as using lysed materials
permitted successful RT-RPA and LFA detection, while unlysed materials did not amplify and therefore
gave negative test results. In instances where MS2 detection fails, this indicates an invalid test result due to
a failure of one or more integral steps, and retesting is required. This result could be due to RNA degradation
or unsuccessful viral lysis, reverse transcription, or amplification. Failure to use a full process internal
control may increase risk of false negatives and misdiagnosis, which prevents immediate clinical
interventions that mitigate community spread.

Lysed Un-lysed
SARS-CoV-2 SARS-CoV-2

|FC [
Lysed MS2 3/3
MS2
SC2
I I l3/3

Figure 20. Images of LFA strips. Images demonstrating the successful lysis and RT-RPA of SARS-CoV-2

IFC

Un-lysed | MS2
MS2 ‘
SC2

and the MS2 internal control. As expected, samples containing unlysed SARS-CoV-2 or MS2 are not
successfully amplified and detected. The top row demonstrates true positive results (left) and true negative
results (right) as the MS2 test line is detectable. The bottom left image demonstrates a failure of the MS2
internal control, even though SARS-CoV-2 is still detected. The bottom right image shows a complete assay
failure where no banding is detected. Reading a valid test would require one of the two images from the top

row. The bottom row demonstrates a failure in the internal control and an invalid test.

2.4 Summary

We developed a rapid, duplexed, single-pot RT-RPA nucleic acid amplification assay with lateral flow
readout for SARS-CoV-2 with a MS2 bacteriophage as a full process internal control. We demonstrated the



duplexed amplification and detection of SARS-CoV-2 and MS2 in real time using both fluorescence
readout with an LOD of 25 copies per reaction sensitivity with a reaction time of 15 minutes and end point
visual readout using lateral flow strips with 50 copies per reaction sensitivity with test results in under 25
minutes. The assay detects both the delta and omicron SARS-CoV-2 variants and does not exhibit any
cross-reactivity with influenza A, influenza B, or other common human coronaviruses (HCoV-NL63,
HCoV-0C43 and HCoV-229E). We demonstrated that MS2 serves as a process control for lysis, reverse
transcription, amplification, and readout. While we used an Axxin T16 to incubate the RPA reactions, other
low-cost heat blocks, ambient temperature, self-regulating chemical reactions, and body heat °-16%1%% have
been effective and demonstrate that the heating energy required for the RPA reaction does not require mains
electricity. Additional work on lysis, fluid handling, reagent storage, heating, and amplicon containment is

required to realize an integrated POC device suitable for commercialization.

This SARS-CoV-2 assay meets multiple characteristics for assay performance as set forth by the World
Health Organization’s COVID-19 Target Product Profile (TPP) for priority diagnostics to support response
to the COVID-19 pandemic.'” The TPP lists the desirable analytical test sensitivity to be equivalent to 10*
genome copies per mL. We have demonstrated a duplexed assay with an analytical sensitivity of 50 copies
per reaction. The TPP further lists desirable analytical specificity as the ability to detect all SARS-CoV-2
viral strains, not reacting with interferants, and not cross reacting with other common viral diseases that
present with common signs and symptoms of COVID-19 like influenza A/B. Here, we have demonstrated
that the assay detects both the delta and omicron variants while not cross reacting with other human
coronaviruses nor influenza A or B. For interpretation of test results, the TPP lists visual manual readout in
both the acceptable and desired categories which is achieved with our lateral flow readout mechanism. We
have demonstrated this assay to be rapid with lateral flow results in 28 minutes from raw sample lysis to
answer. The use of RPA also has inherent benefits as the lyophilized reaction pellets have been proven to

be stable outside of cold chain storage for up to 12 weeks.!”!

To our knowledge, this assay is the first reported duplexed SARS-CoV-2 RPA assay for lateral flow strip
detection format that incorporates an internal full process internal control that reports on the successful
lysis, reverse transcription, and amplification of each RNA test reaction. It is also the first reported use of
the RPA TwistAmp exo kits for both fluorescence and lateral flow detection formats opening the possibility
for multiple assay readout options with a single kit, albeit with slight differences in assay performance. This
utility of exo-based kits for LFA also enables convenient RPA assay design and optimization as primer and

probe combinations can be tested with real-time readout instead of endpoint analysis.



3 Quantitative Point-of-care test for HIV

3.1 Introduction

HIV viral load testing serves a vital role in ending the HIV pandemic as these tests both diagnosis new HIV
cases and are utilized to monitor existing cases. Many agencies have campaigns for regular HIV testing for
at risk individuals. These campaigns push to identify new HIV cases, treat exiting cases, and monitor cases
for HIV viral suppression. One such agency and campaign is UNAIDS with the 90-90-90 and updated 95-
95-95 campaigns.'’? Routine viral load testing is crucial in monitoring the greater than 25 million people
living with HIV and who are on ART. These routine tests are used for virological failure surveillance, cases
where ART fails to suppress the virus to undetectable levels making transmission of the virus possible.
Virological failure can be attributed to one or a combination of factors such as poor ART adherence, drug
resistance, and drug interactions leading to reduced efficacy.!” These routine tests also allow for clinical
interventions to be made whether that be a change in course of the prescribed therapy, a change to second

line drugs, or counseling to improve adherence.'™

There is an estimated need for 60 million quantitative HIV viral load tests every year, primarily in low- and
middle-income countries (LMIC). These countries have the highest burden of disease and have limited
accessibility to central laboratory testing.'?* Current viral load monitoring efforts in LMICs require patients
to travel to a clinic where blood samples are collected. These samples are then sent to a central laboratory
for processing, causing delayed results often on the order of weeks. This delay in sample to answer leads
to a loss of follow up as patients may not be contactable, delays in care for those who can be reached, and

lack of interventions being provided at the time of care.'*

There are ongoing efforts to decentralize HIV
viral load monitoring using next-generation POC tests performed in outpatient clinics. Decentralized testing
aims to eliminate these roadblocks by allowing for quick sample to answer testing and providing same day
interventions. Studies on POC viral load tests have shown that decentralized, clinic-based VL testing
increases the number of ART patients with suppressed viral loads.'”> The WHO, NIH, and other public

health institutions have funded initiatives to develop HIV viral load tests that can be applied in a wide range

of settings such as well-resourced clinics and patients’ homes.

While qualitative testing may suffice for some diagnostic applications, HIV viral load monitoring requires
quantitative measurement of RNA concentration in blood to make appropriate clinical decisions. For
patients receiving ART in the USA and Europe, the CDC and European AIDS Clinical Society (EACS)
recommend an initial baseline quantitative viral load tests with subsequent routine testing.!’*!’® Based on
the result of the testing and monitoring, different therapies can be implemented as certain therapies are not

recommended for high viral loads (500,000 cps/mL).!7*!7%17 The WHO also recently updated



recommendations to treatment schedules for those who have undetectable viral loads, those with viral loads
between 50 and 1,000 copies per mL, and those with viral loads greater than 1,000 copies per mL.!”® Further,
the definition of viral suppression differs based on location as the EACS defines viral suppression as a vial
load of less than 50 copies per mL whereas the CDC defines viral suppression as a vial load of less than
200 copies per mL. Both of these definitions are less than that of the WHO which defines viral suppression

as less than 1,000 copies per mL.!76-178

The current standard for viral load testing relies heavily on PCR and thermocyclers, leading to high costs
and long processing times. This is due to the fact these tests are carried out in labs that use quantitative PCR
(qPCR) or digital PCR (dPCR), both of which are limited to well-resourced central labs.'** There are POC
tests that leverage microfluidics for fluid manipulation and decreased run times, like the Abbott m-PIMA
HIV-1/2 VL, Cepheid Xpert HIV-1 VL, and Molbio Truenat HIV-1.132 However these platforms are still
expensive ($5,000 to $20,000), take 55 to 90 minutes to run, and require reliable electricity as well as
centrifugation for sample prep for plasma separation or process whole blood.!* There is an urgent need for
more affordable and faster quantitative HIV viral load testing methods that can be used outside of

specialized labs.

3.1.1 Amplification Nucleation Site Analysis (ANSA)

The Posner research group (PRG) has developed a novel isothermal amplification method that leverages
the viscous nature of RPA to produce discrete sites of DNA amplification that can be counted in a digital
amplification strategy. This method retains the speed and simplicity of the RPA reaction with no additional
instrumentation or preparatory steps like the aforementioned “SlipChips” and other digital amplification
approaches. Additionally, this method utilizes simple porous membranes as support material for the RPA
reaction, or it can be completed completely in the fluid phase, not requiring any support material. In contrast
to other isothermal amplification methods, RPA employs viscous agents such as polyethylene glycol to

163,171

boost enzymatic reaction efficiency, which we believe limits the diffusion of amplified products,

thereby creating isolated amplification sites.

3.1.2 Membrane-Based ANSA

Amplification Nucleation Site Analysis (ANSA) on a glass fiber membrane involves incorporating a typical
RPA mixture into a porous membrane, warming it to around 40°C, capturing fluorescence images, and then
counting the visible amplification sites, which directly relate to the initial nucleic acid concentration. This
method is outlined in Figure 21. In a Lab on a Chip journal article that I co-authored, we studied the

quantitative range of ANSA for DNA concentrations spanning multiple orders of magnitude. We established



that these nucleation sites can be accurately imaged and counted using an economical mobile phone-based
fluorescence imaging setup and an Android application.®® I wrote python code to run natively on android
using the Chaquopy SDK which takes a time-resolved image stack, isolates the image from the 12.5-minute
mark image, automates the counting of nucleation sites through processes like auto-cropping, filtering,
binarization, and the Hough circle transform. Our initial findings show a clear relationship between the
number of nucleation sites and the starting input DNA concentration, ranging from 50 to 3,000 copies per
reaction covering approximately two logarithmic scales. At higher nucleic acid concentrations, exceeding
3,000 copies per reaction, the nucleation sites tend to cluster and overlap, posing a challenge for precise

manual or algorithmic counting (Figure 23).
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Figure 21. Paper-based ANSA Method. The RPA reaction is pipetted on to a glass fiber membrane (A). The
membrane is heated and imaged (B). The images are analyzed for sites and correlated to initial input copy

concentrations.
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Figure 22. Initial ANSA quantitative correlation in a paper-based system. Data points represent the average
and standard deviations (n = 3) for each target copy number tested and quantified. Dashed lines represent
fitted models in all cases, we observe a strong relationship between nucleic acid input copy number and
number of amplification nucleation sites. At high copy numbers (>10 000 cps rxn!), the number of
measured nucleation sites decreases due to merging of amplification sites and inability of the experimental

methodology to resolve and quantify the individual nucleation sites.
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Figure 23. Site merging at high copy numbers. Images of RPA amplification of HIV-1 DNA on GF/DVA
membrane captured using a microscope and mobile phone with copy number ranging from 30 to 100 000
cps rxn'. Images were recorded att= 750 s. At lower copy numbers (30-3000 cps rxn '), we observe
discrete amplification nucleation sites, with a positive relationship between number of nucleation sites and
input copy number. At high copy numbers (10 000 and 100 000 cps rxn!), the nucleation sites are
numerous, and they merge into a splotchy heterogenous fluorescence image, making it difficult to

discriminate individual sites for viral load quantification.

3.1.3 Need For Increasing Dynamic Range of Membraned Based ANSA

Quantitative HIV viral load assays must be both analytically accurate and span at least 5 orders of
magnitude to be clinically useful. Clinical guidelines in high resource settings mandate an initial viral
load baseline measurement followed by routine monitoring. The CDC and EACS recommend against
certain therapies when viral loads exceed 500,000 copies per mL.'””% Further, thresholds for “viral
suppression” differ by setting: the EACS defines suppression as < 50 copies per mL, the CDC as
<200 copies per mL, whereas the WHO uses < 1 000 copies per mL and now tailors treatment
modifications to the < 50, 50-1000, and > 1000 copies per mL strata.'’® Sustained suppression

below 1000 copies per mL markedly reduces transmission and underpins the UNAIDS 95-95-95 goals;
more than 30 million people currently rely on routine viral-load testing to maintain effective ART

worldwide. 1317183



The same need for broad, precise quantification extends to other pathogens. Elevated high-risk human
papillomavirus (HPV) loads predict progression to cervical neoplasia, improving triage precision in
screening programs.'®* In hepatitis C management, baseline and on-treatment HCV RNA quantification
confirm active infection and track direct-acting-antiviral efficacy.'®® Environmental qNAATs guide
wastewater-based epidemiology by measuring viral decay and community prevalence.®> Enhancing the
accuracy and dynamic range of Amplification Nucleation-Site Analysis (ANSA) is therefore essential not

only for point-of-care HIV viral-load testing but also for these emerging quantitative applications.

In its membrane-based format ANSA quantifies only 50-3 000 copies per reaction (Figure 22. Initial
ANSA quantitative correlation in a paper-based system.), well below the 20—500 000 copies per mL range
required for point-of-care HIV management. At high template concentrations amplification sites become
crowded, merge, and dim, confounding automated counting. Further discussion on attempts to optimize
membrane-based ANSA with imaging improvements and geometry improvements can be found in
appendix section 6.2. To overcome this ceiling, I translated ANSA into a minimalist glass-slide
microfluidic chip and systematically tuned polyethylene-glycol (PEG)-mediated phase separation of RPA
mixtures to understand the growth of ANSA sites and tune the performance suitable for HIV

quantification.

3.1.4 Microfluidic Chip-Based ANSA

Here I translate ANSA to a simple microfluidic chip to investigate the dynamics of ANSA and study the
role of PEG in site formation and growth. I demonstrate RPA reactions performed between glass slides
using a tailored reaction buffer with adjustable PEG concentrations. My results indicate that PEG
concentration significantly influences both bulk fluorescence and peak fluorescence intensity of RPA
reactions, where elevated PEG concentrations lead to decreased reaction efficiency as evidenced by lower
fluorescence signals. Additionally, 1 observe a reduction in nucleation site diameter at higher PEG
concentrations, which minimizes the occurrence of site merging. By utilizing high PEG concentrations, I
successfully expand the quantitative range of ANSA to 4.7 orders of magnitude demonstrating ANSA’s
suitability for rapid, isothermal quantitative nucleic acid amplification assays within simple microfluidic
chip. For further information on reducing bubble formation in the microchip, failed frame seal experiments,
increasing the signal by increasing the relative probe ratio, and imaging artifacts and flow see appendix

section 6.3.



3.2 Methods
3.2.1 Fabrication of Microfluidic Chip

RPA reactions are performed on glass slides in reaction chambers constructed by laminating both sides of
polycarbonate (0.005", TAP Plastics, USA) with double-sided tape (9492MP-2-10, 3M, USA). The reaction
chambers are first cut in the double sided tape using a flatbed cutter (FCX4000-50ES, Graphtec America,
Inc., USA) to accommodate a 97 puL reaction volume. The geometry of the reaction chamber is detailed in
Figure 24. Briefly, the chamber consists of an entry port (1.5 mm in diameter, 3.0 mm long) leading to a
19.6 mm diameter main reaction chamber with a 140° 4.0 mm vent port. The narrow inlet generates large
capillary forces, while the wide vent port enables hydrophobic pinning to facilitate complete filling. For

each glass slide, two reaction chambers are cut per sheet.

Polyethylene terephthalate glycol (PETG) coverslips are cut using a CO: laser (PLS6.150D, Universal
Laser Systems, USA). We use PETG because it does not exhibit discoloration or increased autofluorescence
upon laser cutting. In contrast, the laminated tape/polycarbonate/tape material demonstrates
autofluorescence at the laser-cut interface, necessitating the use of a flatbed cutter. The design and

schematics of the assembled chips are seen in Figure 24.

Prior to adhesion, 3 x 2 in. plain microscope slides (Premiere, C & A Scientific, USA) are cleaned with an
acetone wash followed by an isopropyl alcohol wash to remove contaminants. Reaction chambers and
coverslips are sealed onto the microscope slides and plasma treated for 5 minutes (PDC-001, Harrick

Plasma, USA).



Figure 24. Layout and dimensions of the microfluidic chip for ANSA work.

3.2.2 RPA Conditions

We prepare a custom RPA buffer consisting of 70 mM Tris (77-86-1, Sigma Aldrich, USA), 35 mM HCl
(7647-01-0, Sigma Aldrich, USA), and 200 mM KOAc (127-08-2, Sigma Aldrich, USA). A 20% (w/v)
PEG 35K (25322-68-3, Sigma Aldrich, USA) solution is prepared by vortexing. PEG is added to the custom

buffer at volumes required to achieve the desired final concentration.

In RPA experiments, we target synthetic DNA of the HIV-1 genome (group M, subtype A) (gBlocks Gene
Fragments, Integrated DNA Technologies, USA). Primers and probes are used as described by Lillis et al.”!

The amplification mastermix consists of two TwistAmp exo kit lyophilized pellets (TwistDx, GBR) that
are combined into a single tube, 73.8 uL. custom rehydration buffer, variable volume of 20% PEG solution,
540 nM forward and reverse primers (Integrated DNA Technologies, USA), and 120 nM sequence-specific
probe that is compatible with exonuclease III cleavage (LGC Biosearch Technologies, GBR). The
mastermix of custom rehydration buffer, primers, and probe is added to the lyophilized exo-kit RPA pellets,
rehydrating them. The target DNA is then added and the mixture is inverted five time to allow for mixing.
The tube is re-opened and 14 mM MgOAc is pipetted onto the tube cap bring the total reaction volume to
100 pL. The tube is left open under vacuum for 30 seconds to remove bubbles, then closed and centrifuged

for ~30 seconds to initiate the reaction and ensure homogeneous distribution of reactants. The 97 pL



reaction volume is then immediately pipetted into the entry port of the glass chip. The reaction volume is
undersized to account for pipetting loses and to reduce the addition of air bubbles during the blow step of
pipetting.

For tube-based experiments, tubes are placed into a T16-ISO instrument (Axxin, USA), incubated at 39 °C,

and fluorescence is recorded for 20 minutes, with a manual mixing step at 4 minutes.

3.2.3 Loading of Microfluidic Chip

A 100 pL. RPA reaction (mastermix and target) is pipetted into the inlet chamber. The inlet and outlet
chambers are then backfilled with mineral oil (8042-47-5, Sigma Aldrich, USA) before being sealed with
PCR tape (TempPlate RT Select Optical Film, USA Scientific, USA) to prevent contamination via
aerosolized amplification products. The sealed glass chip is placed on a resistive heater (53-421235,
TurboFlex, USA) covered with a 0.06” anodized black aluminum plate and backed with 3” Styrofoam, set
to 39 °C using an external temperature controller with a thermistor attached to the heating surface as detailed
in Figure 25. ANSA Imaging Set-up. The reaction is imaged for 15 minutes, after which the glass chip is

sealed in a plastic bag and disposed of. The experimental process is shown in Figure 26.
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Figure 25. ANSA Imaging Set-up.

3.2.4 Imaging and Data Analysis

Epifluorescence microscopy using an upright multi-zoom microscope (AZ100, Nikon, JPN) with 0.5%
objective, filter cube set for green fluorophores (FITC-5050A, Semrock Optical, USA), white light

excitation source ( X-Cite exacte, Excelitas Technologies, USA) imaged the evolution of RPA nucleation



sites in the glass chip. The 0.5% objective has a 43 mm field of view diameter. Grayscale images were
captured every 5 seconds for 15 minutes using a back-illuminated CMOS camera (Prime BSI Express,

Teledyne Photometrics, USA).

I process the images to extract nucleation site counts and determine the initial DNA input copies (Python
3.9.21, Python Software Foundation). First, Gaussian blurring with a 7x7 kernel size is applied to each
frame to minimize pixel-level noise. Temporal background subtraction is performed using a rolling-ball
filter with a 3-frame window, which computes the average of the preceding, current, and succeeding frames
to suppress temporal background fluctuations. A global background subtraction is then applied across all
frames, normalizing the image background to zero by averaging the first 25 frames, which removes bright
imperfections or artifacts from the glass reaction chips. A circular mask is applied to each frame to isolate
the central region of interest and exclude peripheral areas that are not the reaction chamber of the chip,
further minimizing edge-induced artifacts and bubbles. Following the preprocessing steps, an algorithm
applies a local-maximum detection procedure (peak local max, scikit-image v0.24.0)! to identify discrete
fluorescent nucleation sites in each frame. The algorithm outputs the maximum number of sites detected

and number of sites detected at 7.5 minutes.

For single puncta analysis across varying PEG concentrations the same process as outlined above is
followed. All nucleation sites identified using the local-maximum detection procedure are then fit using a
two-dimensional Gaussian function (curve fit, SciPy v1.12.0). Puncta whose eccentricity, calculated as
the ratio of sigma x to sigma y (sigma x/sigma y), is between 0.95 and 1.05, indicating near-perfect
circularity are then saved individually as separate images with a 40 pixel buffer in all directions from the
identified peak, ensuring complete imaging of the puncta in later frames and including only circular non-

overlapping puncta are included in further analysis.

I process the images to extract gaussian fit parameters and determine the growth kinetics. I start by fitting a
two-dimensional Gaussian function (curve_fit, SciPy v1.12.0) to each individual puncta image derived from
above and save the parameters of amplitude, standard deviations (sigma_x, sigma_y), and fit quality (R?).
The gaussian radius (sigma) values are averaged. I analytically calculate the area under the Gaussian curve
(AUCQ), representing integrated fluorescence, from amplitude and sigma values. Data across puncta are

consolidated into condition-specific CSV files.

Subsequent filtering criteria include removing frames with a rolling average intensity below 50 and
discarding puncta whose maximum intensity does not exceed four times the minimum intensity, ensuring
a minimum brightness increase consistent with puncta growth in order to remove bubbles or dust that do

not exhibit increasing brightness as expected from the puncta. Frames preceding stabilization of the



Gaussian fit, identified by consistent stability in rolling mean and standard deviation within a tolerance of
1, are also discarded, with typical stabilization after frame 70 to remove errant gaussian fitting parameters.
Entire puncta are discarded if the diameter (sigma) exceeds 18 pixels, a threshold chosen based on empirical

observations indicating that sites with sigma greater than 18 had typically merged.
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Figure 26. The chip-based ANSA procedure. The illustrated process depicts the steps involved in chip-
based amplification nucleation site analysis. (A) Reaction chips are made using laser cut PETG top plates,
digitally cut double-sided tape (red layers) laminated polycarbonate (blue layer) intermediate spacers, and
a glass slide bottom plate. (B) RPA reaction mastermix and target DNA are dispensed into the chips using
the inlet port. The narrow inlet and hydrophilic treated materials allow for capillary filling while the exit
port expansion allow for a stop valve to allow for complete filling. The inlet and outlet are backfilled with
mineral oil and covered with PCR tape. (C) The reactions are heated to 39 °C and imaged for 15 minutes
using fluorescence microscopy. Discrete amplification sites form (shown as white dots) within the reaction
volume. (D) Amplification sites with Gaussian intensity profiles are analyzed (blue solid line) for site
formation and fitted with a gaussian (orange dashed line). A gaussian fit enables the extraction of site width,

peak intensity, and area under the curve.

3.3 Results and Discussion

This work presents a detailed investigation into the growth dynamics of discrete RPA reactions in free

solution contained in a shallow microfluidic chip. In the previous membrane based ANSA report, we



observed discrete amplification sites in RPA reactions conducted within a porous membrane, and I
hypothesized that the viscous nature of the RPA reaction buffer combined with the microscale structure of
the porous membrane suppressed convective and diffusive transport, leading to the formation of isolated
amplification sites.®® Here, I translate ANSA to a membrane-free microfluidic environment, employing a
custom buffer formulation with varying PEG concentration. As noted in both the original RPA publication
and associated patent literature, PEG is an essential component for enabling recombinase loading and strand
invasion; in its absence, little to no nucleic acid amplification is observed. '*!¥7 T hypothesize that varying
PEG concentration will impact reaction kinetics of RPA as well as the growth and diffusion of RPA

amplification reactants and products in individual reactions sites.

Figure 27 shows representative fluorescence micrographs for RPA reactions in a shallow microfluidic chip
for PEG concentrations of 1%, 4%, 8%, and 10%. As the PEG concentration increases the size and intensity
of the sites decreases. The size of the spots appear to be similar for the 1% and 4% PEG concentrations
although the 4% begins to show a few sites that appear smaller. The 8% and 10% PEG concentrations show

smaller sites and the 10% also shows fewer sites compared to the other concentrations.
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Figure 27. Fluorescence micrographs of ANSA reactions. Images are inverted to show RPA
reaction sites in black. The black circle denotes the boundary of the reaction chamber. Representative
images shown at 7.5-minute incubation times for (A) 1%, (B) 4%, (C) 8%, and (D) 10% PEG

concentrations. Note that the reaction site diameter decreases with increasing PEG concentration.

I observe the growth of individual ANSA sites within the reaction chambers and monitor the reactions via
fluorescence generated by the hydrolysis of the RPA probe. Figure 28A shows the fluorescence intensity

of a single RPA reaction site from 8 to 26 minutes. The distribution of the fluorescence intensity is Gaussian



and grows in intensity and width with time. I hypothesize that the emergence of this shape results from
localized amplification reactions at the site, where fluorescent products diffuse outward while reactants
including uncleaved probe, primers, dNTPs, recombinases, single-stranded binding proteins, creatine, and
creatine kinases diffuse inward. At 6.5 minutes, the amplification spot becomes visible and is only 210
microns in diameter. At 15 minutes, the spot reaches 530 microns. At 17.25 minutes the spot is 610 microns,

after this time, there is no further increases in intensity.

I fit Gaussian distributions to the intensity profiles and extract under the normalized area under the curve
(AUC) and the distribution width (i.e., site diameter), represented by the Gaussian two sigma. Figure 28B
shows the spot diameter, normalized AUC, and normalized fluorescence as a function of time. In Figure
28B the AUC and fluorescence are normalized by their respective maxima. The site diameter steadily
increases linearly (R? = 0.99) until 17.25 min after which the growth rate slows to an apparent asymptote
near 800 microns. The maximum normalized intensity increases exponentially, similar to a RPA
amplification curve from 5.66 to 17.25 minutes, where it reaches a maximum and decreases. The AUC
follows a similar trend, peaking shortly after the fluorescence intensity reaches maximum and then

decreases.

The black line in Figure 28B focuses on the site diameter as a function of time after the 17.25-minute mark,
where fluorescence reaches its peak, and estimates the site diameter to as the estimated diffusion distance
of the FAM fluorophore. I calculate the diffusion coefficient for FAM based on its reported diffusion
coefficient at 25 °C in water'®® and adjust it based on the viscosity of a 3% PEG 35,000 solution at 40 °C.'*

Using this corrected value, I observe strong agreement with a pure diffusion model (R? = 0.88).

The initial phase of site growth is dominated by exponential amplification of the reaction, leading to rapid
fluorescence increase. As the available reactants are consumed the reaction slows and diffusion becomes
the primary driver of site expansion. Although fluorescence intensity begins to decline, the site diameter
continues to increase in a manner consistent with diffusion from a point source. The AUC supports this
interpretation, remaining constant for a period after the fluorescence peak before gradually decreasing. This
decline likely results from photobleaching of the fluorophore over the 30-minute experiment, during which

it is continuously excited, or from the signal dropping below the detection threshold.
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Figure 28. Single site growth over a 30-minute reaction time. (A) The gaussian profile for a site over
time. Each wider line shows the site intensity increasing with time. The intensity and width of the
distribution increases with time. (B) The measured diameter (dotted red line), the normalized integrated
Area Under the Curve (AUC, dashed orange line), the normalized fluorescence (solid blue line), and the
simulated pure diffusion fit of carboxyl fluorescein after the maximum intensity of the reaction has been
reached (solid black line) are plotted for a site over time. The AUC and fluorescence are normalized by

their respective maximums.

I found that PEG concentration impacts the endpoint reaction product generation. Figure 29A shows the
bulk in-tube fluorescence intensity as a function of PEG concentration. At PEG concentrations below 1%,
fluorescence intensity remains low, followed by a gradual increase and a peak between 2.5-3.5%, consistent
with the performance of the commercial buffer. Beyond 4%, a sharp decline in fluorescence is observed.
This data shows that in tube-based bulk reactions with our custom buffer the optimum PEG concentration
for maximum fluorescence output is found between 1.5% and 3.5% PEG. Figure 29B shows the endpoint
diameter of spots for varying concentrations of PEG. Across a PEG concentration range of 1-3.5%, I

observe consistent end-point diameters; however, concentrations >5% PEG result in a sharp reduction in



site diameter. This threshold behavior may be attributed to several factors, including steric hindrance that
inhibits or slows recombinase and polymerase activity; the promotion of non-specific secondary structures;
hindered strand separation required for D-loop formation; altered DNA hybridization and melting
dynamics; impaired diffusion of reactants; and reduced frequency of molecular collisions necessary for
efficient amplification. The most likely contributor to the observed loss in performance is the formation of
an aqueous two-phase system (ATPS). PEG is commonly used to induce liquid-liquid phase separation for
protein purification and concentration via precipitation. '°*'! Studies using PEG 6000 have demonstrated
phase separation at concentrations between 7—-10%, resulting in the formation of protein-rich phases,'*
while PEG 35000 has been shown to induce phase separation between 4-10% depending on the presence
and concentration of sodium and potassium salts.!”® In our system, the combination of monovalent
(potassium) and divalent (magnesium) salts in the buffer may shift the threshold for phase separation to
lower PEG concentrations. I propose that this ATPS partitions reaction components into PEG-rich and salt-
rich phases, concentrating and aggregating some proteins in one domain while excluding them from the
DNA-containing phase. This separation may also generate inhomogeneous microenvironments—such as

shifts in pH or enzyme hydration—that contribute to enzyme denaturation and further reduction in RPA

efficiency.
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intensity of RPA reactions performed in tubes, measured using the Axxin T-16 after a 15-minute reaction.
The normalization is set based on the average commercial buffer intensity. (B) Swarm plot of endpoint

individual amplification reaction spot diameters at 15-minutes as a function of reaction



Figure 30 shows the diameter of individual reaction spots as a function of time for (A) 1%, (B) 2.5%, (C)
5%, (D) 8%. This data shows that the diameter increases approximately linearly during this phase. I
hypothesize that fluorescent products are initially generated at the center of the amplification site and
subsequently diffuse outward, where they serve as templates for further amplification, creating a moving
reaction front. Over time, the central region becomes depleted of reactants, causing product generation to
stagnate locally. Modeling this behavior is challenging due to the presence of a time-dependent, nonlinear
signal generation term in addition to passive diffusion, which dominates site expansion at later time points.
This data shows that site growth is faster at low PEG concentrations, where reactants and products can

diffuse at higher rates, and slower at high PEG concentrations, where diffusion becomes increasingly

restricted.
A B 15
€ 3
E £1.04
8 8
£ £
G 5 0.5 1
@) @)
0.0 T T T T T 0_0 T T T T T
4 6 8 10 12 14 4 6 8 10 12 14
Time (Min) Time (Min)
C1.5 D 15
E B
£1.0 £10-
E M 2
o > 4 ko) A y i 5 N
% 0.5 { W % 0.5 R SOANGANI RGP
a a
00 T T T T T 00 T T T T T
4 6 8 10 12 14 4 6 8 10 12 14
Time (Min) Time (Min)

Figure 30. Width of individual reactions spots as a function of time with varying mastermix PEG

concentration. Representative site diameters over time for (A) 1%, (B) 2.5%, (C) 5%, and (D) 8% PEG.

One of the primary motivations of this work is increase the upper limit of quantification (ULOQ) of ANSA.
In previous work on membranes I demonstrated a dynamic range of 67-3,000 copies per reaction with a
steep drop off above 3,000 copies due to sites merging and overlapping.®® 1 hypothesized that increasing
the projected area and making reaction spots smaller would enable larger ULOQ because it would result in

a larger number of nonoverlapping reaction spots that can reliably identified and counted. Figure 31 shows



the number of nucleation sites as a function of the number of HIV-1 nucleic acid copies per reaction for
PEG concentration to 8% conducted in the shallow microfluidic reaction chamber. The data exhibit a
power-law (log—linear) relationship between the number of amplification nucleation sites and the input
target copies across the tested range of 20 to 100,000,000 copies per reaction. All experiments were
performed in at least triplicate, consistently showed positive amplification, and no amplification was
observed in no-template controls (NTCs). Consistent with our previous report on ANSA, the number of
amplification nucleation sites follows the relationship y=mx®. Here I find our fit parameters to be b =23.904
and m = 0.310. This model fits well up to ~10,000 copies per reaction, beyond which site counts become

increasingly variable, though without the steep drop-off I previously observed.

I hypothesize that the increased variability at high target concentrations (above ~500 site counts) arises
from limitations in image resolution and pixel availability in our current imaging setup. Each 1 mm
corresponds to 24 pixels, and the resulting image stacks are 450 x 450 pixels, corresponding to an imageable
area of 18.75 x 18.75 mm, or approximately 301.41 mm?. Given that the average puncta diameter at 7.5
minutes is 0.598 + 0.0468 mm, the theoretical maximum count is approximately 1,253 puncta (assuming
perfect packing). Accounting for realistic spatial stacking constraints (30-60%), the effective maximum

count ranges from 373 to 752 puncta.

Consistent with this estimate, | observe increased variability and eventual undercounting as the number of
sites approaches 500 which can mask clinically significant high-titer samples. This suggests that a critical
packing density has been reached, beyond which amplification spots begin to overlap or blur due to the
finite spatial and optical resolution. The reaction chamber has 162,968 total pixels, and as spot density
increases, the available pixel area per spot decreases, compounding the challenge of discrete site
identification. Thus, undercounting at high concentrations likely reflects a saturation of the system's
imaging capacity rather than a true plateau in amplification efficiency. Further improvements in spatial
resolution and chamber design could help alleviate these limitations and extend the measurable dynamic

range.

It is important to note that the current spot-counting approach relies on data from a single timepoint,
typically capturing amplification nucleation at a fixed endpoint. However, other groups have explored real-
time or kinetic-based quantification strategies for RPA, such as determining the time to threshold (Tt) of
fluorescence intensity with poor results.'* !> Incorporating temporal information could significantly
enhance quantification accuracy and robustness, especially at higher target concentrations where static
analysis becomes more error-prone. In the future, leveraging additional timepoints or continuous imaging

could provide a richer dataset for analysis. Furthermore, advanced computational tools such as machine



learning may offer powerful means to extract quantitative insights from complex amplification dynamics,

enabling improved performance in high-density imaging conditions.
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Figure 31. Microchip range quantifying DNA with Spot counts in microchips. Blue points show the mean
and standard deviation (n=3) of ANSA counts at concentrations on a log scale. Red solid line show a
power law regression on the range [20,100000]. Red shading shows a 95% confidence interval (0=0.05).
Grey shading is the clinical diagnostic range of HIV.



4 Quantification Of HIV-1 DNA Isothermal Amplification

Images Using Convolutional Neural Networks

4.1 Introduction

Determining HIV viral load across a clinically relevant 5-logio copy span is essential for treatment
selection, resistance monitoring, and transmission control. Isothermal Amplification Nucleation-Site
Analysis (ANSA) offers a low-cost, chip-based alternative to qPCR, but its quantitative range is limited.
At high target concentrations, puncta merge and begin to occupy >40% of the imageable area, making

accurate counting unreliable.

Physical and chemical chip modifications described in the previous chapter delayed site coalescence but
did not extend the upper limit of quantification (ULOQ) to meet clinical needs (Figure 31). These earlier
methods also relied on a single time point, ignoring the rich spatial and temporal fluorescence information

captured during the reaction.

Convolutional neural networks (CNNs) have shown strong performance in image-based regression and
classification tasks. ' I have previously developed CNN models for similar datasets, and preliminary
results showed that 2D fluorescence images at single time points could be analyzed using a CNN
architecture.'””'® Residual Networks (ResNets), in particular, are well-suited to extracting spatio-
temporal features from image sequences and have demonstrated robust performance in medical imaging
by mimicking layered visual processing.!” I hypothesized that a ResNet trained on selected time points
from ANSA image sequences could accurately discriminate input DNA concentrations, even in

conditions where conventional site counting fails.

Here, I present a ResNet-18-based pipeline that classifies HIV DNA using two models: one based on
clinically relevant viral load thresholds and another spanning five orders of magnitude. Seven frames
were selected from 15-minute fluorescence movies, capturing baseline, growth, and plateau phases.
Reactions included 20—-10¢ copies, as well as non-template controls. The model achieved 94.6% accuracy
across clinical categories and >92% accuracy in single-log bins, outperforming the site-counting baseline.
These results demonstrate that deep learning can extend ANSA’s dynamic range to meet clinical
requirements without additional hardware, unlocking the full potential of time-resolved isothermal

amplification assays.



4.2 Methods
4.2.1 Overview of ANSA Image Analysis via ResNet Model

Figure 32 demonstrates the ResNet model analysis pathway. 15-minute-long ANSA reactions with images
taken every 5 seconds are taken on microfluidic chips as described in Section 0 over the range of 20-10°
copies per reaction. Non template controls are also collected in the same manner by replacing the
template addition step with sterile nuclease free water. Frames of interest used as input channels in the
ResNet model architecture for training. Frame selection, model selection, and hyperparameter tuning are
detailed below. The trained model is then evaluated using a validation dataset.
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Figure 32. ANSA process for ResNets. Time-resolved fluorescence microscopy images were acquired
every 5 seconds over a 15-minute period (B) Images were preprocessed with background subtraction and
resized to 500x500px. Seven key time points were selected and fed into a ResNet model. The image shown
corresponds to 100,000 DNA copies. (C) The ResNet processes image sequences through layered
convolutions, extracting features and classifying HIV viral loads. (D) The model was evaluated for accuracy

on four clinical viral load categories and across a 5-log DNA concentration range.



4.2.2 Selection of Time Points for Model Input
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Figure 33. Temporal dynamics of average fluorescence intensity during an RPA reaction.
The blue line represents the average pixel intensity across all image frames over time, illustrating a
sigmoidal growth pattern consistent with tube-based RPA fluorescence kinetics. Orange dashed lines denote

selected time points used for input channels in ResNet.

Figure 33 shows the average frame intensity across all images for all frames imaged and the selected frames
used for the input channels in the ResNet. The resulting curve (blue line) of the frame average intensities
exhibits a sigmoidal profile, characteristic of amplification-based fluorescence reactions, with an initial lag,
exponential signal growth, and plateau phase. To capture representative points along this progression, seven
key frames were selected. The first time point was defined as an average of the first 20 frames to establish
a background baseline. The following frames were selected: frame 49 (4:05 min, early growth in high
concentrations), frame 69 (5:45 min, early growth in low concentrations), frame 89 (7:25 min, midpoint of
the reaction), frame 109 (9:05 min, early plateau phase), frame 129 (10:45 min, mid-plateau phase), frame
149 (12:25 min, late plateau phase), and frame 179 (15:00 min, end of reaction). These points were marked
with vertical orange dashed lines on the intensity plot and were used to define biologically relevant

fluorescence phases for input into the ResNet model.

4.2.3 Image Preprocessing and Dataset Preparation

All fluorescence image stacks were sourced from an organized directory containing processed .tif files.
Each stack was loaded using scikit-image (v0.24.0)!%¢, converted into a PyTorch tensor, and resampled via

bicubic interpolation to a uniform spatial resolution of 500 x 500 pixels across all frames. During this



process, a channel dimension was added to maintain a consistent tensor shape of (1, 180, 500, 500). Each

tensor was then saved individually in .pt format.

After preprocessing, the dataset was randomly shuffled and partitioned into training (60%), testing (20%),
and validation (20%) subsets as seen in Table 4 and Table 5. To facilitate categorical classification, each
tensor was assigned to an input DNA concentration class based on its associated label. The categorization
thresholds for the clinical model were defined as: "undetectable" (<200 copies), "low" (200—1,000 copies),
"medium" (1,000-10,000 copies), and "high" (>10,000 copies). The categorization thresholds for the
logarithmic-scale model were defined as: "undetectable" (<100 copies), "low" (100-1,000 copies),
"medium" (1,000—10,000 copies), "high" (10,000—100,000 copies), and "very high" (>100,000 copies).

Table 4. Logarithmic scale model (Train/Test/Validation) split

10! 102 10° 10* 10°
Split 44/13/13 30/14/14 26/13/14 32/11/8  28/7/7

Table 5. Clinical utility model (Train/Test/Validation) split

Undetectable Low Medium High
Split 45/14/13 29/13/14 26/13/14 60/18/15

Tensors were then organized into corresponding category-specific folders within each dataset split, ensuring

class balance across training, validation, and testing sets.

4.2.4 Model Architecture and Training

A modified ResNetl8 architecture was used for classification tasks. The first convolutional layer was
adjusted to accept seven input channels (corresponding to the seven selected frames) rather than the default
three. The fully connected classification head was replaced with a sequential module consisting of a dropout
layer followed by a linear layer to output five input DNA concentration classes. Training was performed
using a CUDA-enabled GPU. Data were loaded into memory using custom PyTorch Dataset and Dataloader
classes with a batch size of 32. To address class imbalance, a weighted random sampler was implemented
based on inverse class frequency. Models were trained using two different objective schemes: one

corresponding to clinical utility thresholds ("Clinical Utility Model") and another corresponding to



logarithmic thresholds ("Logarithmic Model"). Separate hyperparameter optimization was performed for
each model, and final architecture was selected independently. Performance metrics including training loss,
validation loss, and classification accuracy were recorded at each epoch. Final model performance was
assessed on the held-out test set, and a confusion matrix was generated to visualize classification

performance.
4.2.5 Hyperparameter Optimization

Hyperparameter tuning was performed using OPTUNA?® with Bayesian optimization. The search space
included model depth (ResNet18 or ResNet34), learning rate, weight decay, dropout rate, scheduler gamma
value, and optimizer type (Adam, SGD, ASGD, LBFGS). The optimization objective was to minimize the
negative validation accuracy across 25 epochs, using a median pruning strategy to terminate

underperforming trials early.

Initially, model startup used random weight initialization, which introduced substantial variability in
validation performance across identical hyperparameter sets. To address this, an early version of the
OPTUNA optimization loop was implemented in which each sampled hyperparameter set was retrained
multiple times, and only the best-performing trial per hyperparameter set was retained before sampling new
hyperparameters. While this approach improved robustness to random initialization effects, it proved

computationally inefficient and significantly slowed convergence.

Consequently, the final optimization strategy adopted a pruning and resampling approach. Trials were
evaluated at intermediate epochs, and poorly performing configurations were terminated early. This strategy
converged toward similar optimal hyperparameters as the original retrain-and-select approach but achieved
convergence faster, albeit requiring a greater total number of trials. A total of 200 OPTUNA trials were

conducted to identify the final hyperparameter set used for model training.

4.3 Results

Here I demonstrate that ResNets are capable of producing quantification classification over two different
levels of classification. The first classification is semiquantitative and separates the data into four classes
that are significant to the clinical decision-making process for HIV viral load testing. The second
classification is also semiquantitative with five classes that represent the 5-logio copy span of the dataset.
To this end, two separate models were developed: the Clinical Utility Model and the Logarithmic Model.
While both models shared the same base architecture (ResNet-18) and were trained for 25 epochs, they



were optimized independently using distinct hyperparameter configurations as in Table 6. This

demonstrates the ability of ResNets to make semiquantitative classifications over four or five classes.

Table 6 Summary of hyperparameters.

Hyperparameter Clinical Utility Model Logarithmic Model

Model Depth 18 18

Learning Rate 0.00388 0.000107

Weight Decay 1.93 x 10+ 2.37x10°®

Dropout Rate 0.243 0.496

Gamma Rate 0.939 0.940
Optimizer SGD Adam

Epochs 25 25

The Clinical Utility Model employed the SGD optimizer with a relatively high learning rate (0.00388),
moderate weight decay (1.93 x 10™*), and a dropout rate of 0.243. In contrast, the Logarithmic Model used
the Adam optimizer, with a substantially lower learning rate (1.07 x 107*), lighter regularization (2.37 x
107 weight decay), and a higher dropout rate of 0.496. Both models used exponential learning rate decay
with similar gamma values (~0.94). These differences reflect the varying complexity and generalization

needs of their respective output distributions.
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Figure 34. Clinical utility confusion matrix. The matrix displays predictions across four categories, with

color intensity reflecting classification frequency. Diagonal entries represent correct predictions.



The Clinical Utility Model achieved an overall classification accuracy of 94.6% across four response
categories: Undetermined (Und.), Low, Medium (Med), and High. Figure 34 shows the model demonstrated
perfect sensitivity (100%) for the Und., Low, and High categories, correctly identifying all instances within
those groups. The Medium category exhibited slightly reduced sensitivity (78.6%), with misclassifications
primarily into the adjacent Low (one instance) and High (two instances) classes. Overall, the model showed

strong discriminative capability, with minimal confusion among non-adjacent categories.

The Logarithmic Model achieved 92.7 % classification accuracy across five logarithmically spaced output
categories, covering input DNA concentrations from 10' to 10° copies. Figure 35 (log-scale confusion
matrix) shows perfect sensitivity (100 %) for the 10* and 10° categories and high sensitivity for 10* (92.3
%), 10? (85.7 %) and 10° (85.7 %). Misclassifications were mostly confined to the adjacent mid-range
classes (10? and 10%), indicating some overlap at those decision boundaries. The slightly higher dropout
observed in these bins is probably due to their smaller representation in the validation set rather than a
limitation of the logarithmic formulation itself. Overall, performance at the extremes remained excellent,

enabling reliable detection of both high- and low-concentration samples.
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Figure 35 Logarithmic-scale confusion matrix. Confusion matrix shows classification performance across
logarithmic-scale categories. Each cell represents the number of samples classified into each predicted
category. Diagonal entries indicate correct classifications, with darker shades representing higher counts.
(A) shows incorrect predictions have the true label quantity in red. (B) show total prediction counts

without the incorrect label.



4.4 Discussion

Precise quantification of nucleic acid input concentrations using isothermal amplification methods remains
challenging, particularly at high target concentrations where amplification sites grow, merge, and overlap
spatially. In conventional implementations of Amplification Nucleation Site Analysis (ANSA), this overlap
has historically limited the upper limit of quantification (ULOQ), as simple site counting becomes

unreliable when discrete puncta cannot be easily resolved.

In this work, we introduce a machine learning-based strategy that addresses these limitations by leveraging
the temporal evolution of amplification reactions. By sampling fluorescence intensity patterns across
multiple key timepoints during the amplification process and using a deep convolutional neural network
(ResNet-18) for classification, we enrich the feature space available for quantification. Instead of relying
solely on static endpoint images, the model integrates both spatial and temporal cues, capturing differences

in amplification kinetics that reflect underlying input DNA concentrations.

This approach substantially improves quantification performance across a wide dynamic range, maintaining
discriminative accuracy even in cases where visual overlap of amplification sites would confound
traditional counting methods. By utilizing time-evolved data, the model can distinguish between reactions

that may appear superficially similar at a single timepoint but exhibit distinct temporal growth dynamics.

Notably, this method enables robust classification across input DNA concentrations spanning nearly five
orders of magnitude. It provides a scalable, low-complexity alternative to physical partitioning approaches
such as droplet digital PCR, without requiring specialized microfluidics, compartmentalization, or intricate
hardware. The integration of machine learning directly into the analysis pipeline also opens the possibility

for real-time or near-real-time quantitative diagnostics based on simple imaging platforms.

While these results represent a significant advance, challenges remain, particularly at intermediate input
concentrations where amplification site density and growth kinetics can overlap. In this regime, the
temporal evolution patterns of different concentrations become less distinct, and the models exhibit reduced
classification specificity. Misclassification appears to arise not from limitations in optical resolution or
imaging capacity, but from biological overlap in amplification dynamics at neighboring concentration
ranges. Future work may benefit from incorporating finer temporal sampling, additional spatial features, or

ensemble modeling strategies to further enhance specificity in these challenging mid-range conditions.



Overall, this study demonstrates that combining time-resolved imaging with deep learning significantly
enhances the quantitative capabilities of isothermal amplification reactions. It establishes a foundation for
scalable, field-deployable molecular diagnostics capable of precise nucleic acid quantification without the

need for hardware-intensive compartmentalization.



5 Summary and Recommendations

5.1 Summary

The work presented in this dissertation set out to relieve two persistent bottlenecks in point-of-care (POC)
nucleic-acid testing by providing reliable sample validation for rapid respiratory diagnostics and wide-
range quantification for HIV treatment monitoring by pairing pragmatic chemistry choices with low-cost
readouts. Guided by those aims, the thesis delivers (i) a duplexed SARS-CoV-2 reverse-transcription
recombinase polymerase amplification (RT-RPA) assay that embeds an MS2 bacteriophage full-process
internal control, and (ii) an expanded-range Amplification Nucleation Site Analysis (ANSA) platform,
enhanced with microfluidics and machine-learning image analysis, for quantitative HIV viral-load testing.
Together these advances illustrate a cohesive strategy for affordable, electricity-light molecular

diagnostics that can move from central laboratories into community clinics and even homes.

The SARS-CoV-2 component achieves single-tube duplex amplification and either real-time fluorescence
or lateral-flow detection in under 25 minutes. It reaches 25 viral RNA copies per reaction by fluorescence
and 50 copies by lateral flow while correctly flagging amplification failures through the MS2 control,
thereby safeguarding against false negatives due to lysis, reverse transcription, or amplification errors.
The assay also detects Delta and Omicron variants and shows no cross-reactivity with influenza A/B or
common seasonal coronaviruses, all while using ambient-temperature-stable TwistAmp Exo pellets that

simplify cold-chain logistics.

For HIV, the dissertation pushes membrane-based ANSA from a 50-3000 copy quantitative window to a
clinically relevant 20—100,000-copy span. This is accomplished first by physiochemical and microfluidic
redesign that reduces site merging at high titers, and then by a ResNet-18 model that uses spatial-temporal
fluorescence features to classify viral loads with 92-95 % accuracy across WHO treatment decision

bands.

In sum, this dissertation demonstrates that thoughtful assay architecture duplexed internal controls for
robustness and image-rich ANSA for quantitation can compress laboratory-grade molecular testing into
formats that are fast, inexpensive, and deployable far from mains power. Continued engineering toward
sealed, disposable cartridges and expanded field validation will position these technologies to close

critical diagnostic gaps for both emergent respiratory viruses and chronic infections such as HIV.



5.2 Reflections and Future work

5.2.1 Buffer Engineering to Push ANSA Performance

My data show that fluorescence intensity peaks at roughly 2.5 —3.5 % w/w PEG 35 k but collapses when
the mixture crosses what I hypothesize to be the PEG-rich/salt-rich phase boundary above about 5 %.
Paradoxically, the higher viscosities obtained beyond that point are desirable because they shrink
nucleation-site diameters and extend the dynamic range. To decouple viscosity from phase separation I
suggest blending hydrophilic polymers such as lower-molecular-weight PEG (4-8 k), dextran 40-70 k,
Ficoll 400, polyvinyl-pyrrolidone or other viscous modulators. Additionally, exploring small-molecule
viscosifiers like sorbitol or sucrose which will raise viscosity without salting-out. Glycerol in the 5-20 %
range was tested in limited capacity but I saw what looked to be signs of non-specific probe cleavage in
the form of site that were fractionally the expected size. The two phase system could be further mitigated
with fine-tuning of the ionic strength and pH, adjusting KOAc/MgOAc ratios or adding zwitterionic
buffers (HEPES, MOPS) in search of conditions that support 6—8 % PEG before phase separation.
Mapping this parameter space against bulk fluorescence and site-diameter read-outs will yield a

quantitative viscosity/phase-diagram map.
5.2.2 Brighter and More Photostable Reporter Chemistry

Because the assay currently relies on FAM, whose quantum yield and photobleaching limit signal, I
suggest testing higher quantum yield and more photostable dyes such as Alexa Fluor 488, Atto 565,
sulfo-Cy3/Cy5 and LD655. Alternatively, tandem-labelled probes that double photon output could be
explored. To my knowledge, there are no published assays using or evaluating a dual fluorophore
exonuclease-cleavage kinetics. The exploration of quantum dots or dye-loaded polymer dots, which have
the highest quantum yield with exceptional photostability, would likely improve site signal to noise ratios

but at the detriment of a potential POC device requiring laser optics.
5.2.3 Fundamental Studies of ANSA Generalizability

While I show the kinetics of site growth in section 3.3 the fundamental underpinnings of ANSA site
formation are unknown which brings the translatability of this technology into question for other assays.
Further work should be done across assays of different type (RPA vs RT-RPA, the later was demonstrated
stable in Sullivan et al) and target types (short vs long vs genomic input nucleic acids) and their effect on

ANSA site-count regressions and ResNet predictions. I hypothesize that longer templates should lengthen



polymerase occupancy, slow burst growth and likely delay the frame used for site counting to a small
degree; once sufficient amplicon template is available the genomic or long sources will be unfavored and
fast amplification should dominate. This will likely hinder the ResNet model more as longer templates

might be interpreted as lower concentrations.

5.2.4 Ablation Mapping of ResNet Input Channels

The current ResNet-18 samples seven timepoints that span baseline through plateau. By systematically
blanking one channel at a time and tracking validation-accuracy loss, we could identify which frames are
most informative. Saliency and Grad-CAM analyses would further reveal whether early-growth or plateau
images and which spatial regions drive predictions, guiding buffer modifications and potentially

shortening acquisition times for field-deployable readers.

5.2.5 Toward Fully Integrated Cartridges

Combining an optimized buffer, brighter reporters and a truncated imaging sequence with our low-cost
glass-slide chip sets the stage for a sealed, blister-actuated cartridge. To date, however, no fully integrated
RPA point-of-care device or cartridge has been reported, and several hurdles must still be cleared.
Foremost is the formulation’s dependence on high-molecular-weight polyethylene glycol: PEG is solid at
room temperature, its glass-transition temperature is well above ambient, and even when liquefied the
high viscosity complicates both lyophilization and subsequent fluid handling within micro-channels.
Addressing this will require either novel cartridge designs capable of metering viscous reagents or the
substitution of PEG with alternative molecular crowding agents that retain RPA activity while improving
manufacturability as theorized in section 5.2.1. Embedding heat-lysis and lyophilised reagents in
laminated pouches would then deliver a single-step, electricity-light device aligned with WHO target
product profiles for most infectious diseases. Collectively, these efforts will transform ANSA from a
promising laboratory prototype into a robust, broadly translatable platform for quantitative point-of-care
diagnostics. Preliminary data show that high-output dental blue LEDs (ams OSRAM LZ1-10DB00-0100,

Austria) can excite FAM without additional filtering, further reducing system complexity.



6 Appendix

6.1 6.1 Evaluating EXO versus NFO RPA Kits for Lateral-
Flow Analysis

Early experiments were constrained by the unexpected discontinuation of the TwistAmp nfo kit, the
formulation traditionally recommended for lateral-flow read-out. Attempts to “re-create” nfo reactions by
spiking purified endonuclease IV (10 — 50 000 U rxn™") into TwistAmp Basic pellets produced only
intermittent test-line development at the highest enzyme loads. Figure 36 LFA Comparison of EXO
and NFO. Twist EXO kits resulted in similar LFA band intensity compared to the QT Biotech
RAA kits. From left to right the test peaks are: Internal flow control, MS2 Control, SARS-CoV-2
Test.shows parallel tests with commercial Recombinase-Aided Amplification (RAA) pellets from QT
Biotech showed performance that was indistinguishable from TwistAmp Exo reagents when those Exo
pellets were used without their real-time probe and paired instead with 5'-labelled LFA probes.
Surprisingly, Exo-based reactions generated robust test-lines even though the exonuclease should, in
principle, degrade the fluorophore-labelled strand after probe cleavage. This empirical observation
justified adopting Exo pellets for all subsequent duplex SARS-CoV-2/MS2 assays, simplifying screening

because the same chemistry now supports either real-time fluorescence or endpoint LFA detection .
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Figure 36 LFA Comparison of EXO and NFO. Twist EXO Kkits resulted in similar LFA band intensity
compared to the QT Biotech RAA kits. From left to right the test peaks are: Internal flow control, MS2
Control, SARS-CoV-2 Test.



6.2 Membrane Based ANSA

6.2.1 Image-Acquisition Optimization for Earlier Site Counting

Image-capture parameters were refined to permit earlier detection of nucleation sites. All previously
presented ANSA experiments were conducted on a Nikon AZ100 multizoom microscope equipped with a
back-side-illuminated (BSI-Express) CMOS camera. The instrument carries 0.5 %, 1 x and 5 x objectives
with numerical apertures (NA) of 0.10, 0.50 and 0.10, respectively; the published protocol used the 0.5 x

objective at 5 x zoom and produced a signal-to-noise ratio (SNR) of 3—5 on membrane.

To test whether a higher NA would improve SNR, a Nikon TE2000 microscope fitted with 2 x (0.60 NA),
10 x (0.30 NA) and 20 x (0.45 NA) objectives were evaluated. These optics increased SNR to 20-30 but
caused pronounced photobleaching. Photobleaching was mitigated by lowering the epi-fluorescence
excitation power, inserting additional neutral-density filters and synchronizing a source shutter with a
sequential transistor—transistor-logic (TTL) circuit. The TTL circuit was driven by a 5 V square-wave
generator and delay box to open the shutter 40 ms before each 100 ms exposure on a Photometrics

Cascade II camera.

Confocal imaging was also assessed by imaging 16 um fluorescent microspheres on a Leica SP8 confocal
microscope with 10 x (0.30 NA), 20 x (0.70 NA) and 40 x (0.60 NA) objectives. Neither the TE2000 nor
the SP8 resolved complete ~300 um nucleation sites in the reaction volume because the depth of field at

these numerical apertures (2—11 pm) was two orders of magnitude smaller than the site diameter.

Accordingly, the AZ100 fitted with the 1 x (0.10 NA) objective at 3 x zoom was selected for all
subsequent work. Images are recorded as 16-bit files with 5 s exposures, yielding an SNR of

approximately 10 on membrane. On glass microchip these settings result in a SNR greater than 20.

6.2.2 Physical Geometry Optimization to Increase Upper Quantifiable Range

Optimizing the physical geometry of the reaction area would allow for an increased area for sites to form,
further decreasing the density of sites in an effort to reduce site merging. The current membrane used for
ANSA is Whatman GF/DVA which is a bound glass fiber membrane that is often used in blood and saliva
lateral flow assays. This membrane is highly absorbent necessitating the membrane be cut to 7.2 square
millimeters to hold the 50 pL reaction volume. Other membranes have been shown to be compatible with
qualitative paper-based LAMP assays. The notable assays utilized other glass fiber membranes,®!
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polyethersulfone membranes, and track-etched polycarbonate membranes.®? A potential roadblock in



membranes selection for ANSA is screening them for RPA compatibility and accounting for variations in
commercial production. These membranes often have proprietary coating designed for their intended use
case, and coatings vary across different suppliers. Unpublished studies in the PRG have shown these
coatings to be detrimental to RPA compatibility and necessitated pre-treatment steps to remove such
coatings. Additionally, physical constraints on membrane size will need to be set for compatibility with the
imaging setup used for detection. Large membranes relative to the working distance of the camera sensor
will decrease efficiency of the optical filters and mirrors needed to image the fluorescent sites. Further, in
conjunction with section 6.2.1 I have found that decreasing the z-height of the reaction volume leads to
significant decreases in signal to noise ratios making image detection of sites much more challenging. For

these reasons, optimizing the physical geometry of the reaction area is not on my experimental plan.

6.3 Glass Slide ANSA
6.3.1 Bubble Reduction in ANSA

When the reaction is transferred from membrane to a shallow glass-slide chip, micro-bubbles become the
dominant artefact: they fluoresce intensely and can be mistaken for amplification sites by the counting
mechanisms. The most effective mitigation is prevention. Pipette mixing is avoided, the “blow-out” step
is omitted, and the fully rehydrated RPA mix is briefly degassed under vacuum before MgOAc addition.
The finished mixture is loaded by capillary action into oxygen-plasma-treated chips; inlet and outlet ports
are then back-filled with mineral oil and sealed with PCR film. This regimen almost eliminates bubble
formation and, together with a reduced reaction volume (< 97 pL), produces images in which bona-fide

nucleation sites can be reliably segmented algorithmically.

6.3.2 Evaluation of Commercial Frame-Seal Cassettes versus Custom Cartridges

The first generation of disposable reaction chambers explored both off-the-shelf frame-seal cassettes and
polymer—tape laminates. Commercial frame seals (#SLF0601, BioRad, USA), although convenient,
enclosed a nominal 266 pm optical path in a 15x15mm frame that was volumetrically oversized for a 50
uL reactions. Figure 37 show the surplus head-space trapped air, encouraging condensation and
recurring bubble nucleation. These voids complicated automated cropping: the liquid phase meandered
unpredictably, forcing dynamic masks that undermined the fixed-size image tiles required for the
machine-learning pipeline. Custom assemblies based on layered plastics and pressure-sensitive adhesives

eliminated the void and allowed for thickness control.
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Figure 37 Frame Seal ANSA reaction. The frame seals required the coverslips to be applied in a roll on
fashion that was prone to bubble formation on the edge of the frame seal as shown in cyan. The 65 pL
volume was also oversized for the 50 uL reaction allowing fo r an void headspace to allow condensation
as shown in red. This also made for unpredictable gas/liquid interfaces as shown in yellow.

6.3.3 Modulating the Probe-to-Primer Ratio to Enhance ANSA Signal

To try and boost ANSA site signal I explored increasing the relative probe concentration while keeping
the total oligonucleotide concentration constant. The probe fraction was increased and the reverse-primer
fraction decreased. Fluorescence rose with probe excess, reaching a modest maximum at = 1.3—1.4 x the
baseline probe concentration. This was observed in both T-16 and ANSA reactions. Beyond that point the
signal appeared to lose stability and I observed a baseline fluorescence and NTC signal increase. Further
this added complexity in preparing the customized master-mixes and outweighed the benefit. Subsequent

assays therefore reverted to the standard 1 x probe / 1 % primer formulation.

6.3.4 Reaction-Well Flow Artefacts and Their Mitigation

Thermal Drivers

Initial heaters used a single cartridge element driven by an AC duty-cycle. Using a Flir thermal camera I
could see areas of varying temperature. Video microscopy also captured a cyclical “breathing” of the
reaction volume synchronized to the heater pulses. Here the reaction could be seen expanding and
shrinking with the heater duty cycle. Changing to a DC-powered resistive thin film heater stacked with
copper and aluminum spreader plates and backed by insulating expanded polystyrene produced uniform,

steady-state temperatures and minimized the breathing artefact. Mineral-oil back-filling also provided an



additional damping and seal that both restricted airborne amplicon release and suppressed residual

volumetric fluctuations.

Chemical Drivers

A parallel investigation traced sporadic inter-well flow to ageing polyethylene glycol stocks. Solutions
older than one week lost their dispersive character, presumably through micro-aggregation, and the most
severe flow events correlated with these “stale” batches. Implementing a weekly 20 % w/v PEG
preparation, aliquoting, —20 °C storage and same-day single use restored reagent reliability and

eliminated the chemically induced flows.

6.4 Structured Data Generation and Random Forest
Regression

Image-analysis pipeline

I implemented a workflow in Python 3.11 to quantify fluorescence-spot formation in time-lapse
microscopy stacks to utilize time resolved image features. All images were processed using the method
described in section 3.2.4. All analyses were executed on a workstation running Windows 10 with an

Intel Core i5-6600 CPU and 16 GB RAM.
Pre-processing and spot detection

Individual image sequences were stored as 16-bit, 3-D TIFF stacks (frames x height x width; typical size
~ 180 x 500 x 500). Stacks were read with scikit-image v0.23.0 (skimage.io.imread). For each frame we
identified putative fluorescence “spots” (puncta) using skimage.feature.peak local max with a minimum
inter-peak distance of 2 pixels, a relative intensity threshold of 0.01, and an absolute intensity threshold of
150 arbitrary units (a.u.). These parameters were chosen empirically to minimize false positives in
background regions while retaining a high degree of visually confirmed spots across a representative

training set.
Feature extraction (extract_spot_features)

For every frame (#) I recorded (i) the number of detected spots, (ii) the fractional area of the field above
the 150-a.u. threshold, and (iii) the mean bulk fluorescence intensity. A reference frame at ¢t =90 (7.5

minutes) served to derive non-temporal descriptors—e.g., spot count, bulk fluorescence, and mean spot
size (area + count). This time point was chosen as spots are typically formed by this point and are small

enough to not overlap. These are the static time points. The dynamic time points are taken as the largest



change over a 10 frame window and are: A max spot count- the largest frame-to-frame spot count
increase, A max area- the largest increase in high-intensity area, and A max bulk- the largest increase in

mean bulk intensity.

The time-to-threshold metric was defined as the first frame in which at least one spot was detected. All

metrics were collated in a Python dictionary and returned to the calling routine.

Data assembly A hard-coded dictionary mapped each DNA copy-number condition (e.g., “20”, “1000”)
to its replicate TIFF filenames. The root directory (G:\Shared drives\Posner Group Current\Cole's
Files\ANSA\RPA on glass slides\100_serial\processed) anchored all file paths. The main loop iterated
over every (condition, replicate) pair, invoked the extract spot features function detailed above, and
appended the resulting records to an in-memory list. Each record was annotated with its TIFF filename
and parent copy number. The accumulated list was converted to a pandas v2.2.2 DataFrame. Copy-
number strings were cast to float64, transformed to log10, and rows containing infinite or NaN values

were discarded.
Predictive modelling

The DataFrame generated above was used as a structured data set for Regression tasks. The feature matrix
(x variable) includes all columns of the DataFrame except copy number and log_copy number; the
response (y variable) is log copy number. Three regression families—LinearRegression,
DecisionTreeRegressor, and RandomForestRegressor—are benchmarked. For each model I performed
100 independent 80% 20% random train-test splits, Fit the model, and made predictions on the hold-out
set, and accumulate train/test mean-squared error (MSE). All predictions were stored in a wide table
indexed by the true label to enable error-bar visualization (mean + SD of predicted values per class).
Average train and test MSEs quantify generalization, while the prediction tables feed an aggregated
“predicted vs. actual” plot to illustrate systematic bias. To access coefficient stability, the raw coefficients
weights are range-normalized (i x (range x;)) and collected over 100 splits. Box-and-whisker, error-bar
and swarm plots demonstrate the both the directionality and the variance of each weight, providing insight
into feature importance. Figure 38 shows the normalized model coefficients for the random forest
regressor for 100 random test train splits of the data. In Figure 38 we can see the dynamic datapoints
(max_) show the highest impact on the prediction indicating that adding dynamic factors have a large

model weight.
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Figure 38 Random Forest Regression Model Weights. The addition of dynamic temporal data (max__
categories) have the highest model weights showing a positive impact of the dynamic data on prediction.

Validation against manual counts

Manually scored spot counts from an independent data set (“Ben’s spot counts”- the counted sites from
previous publication®®) are converted to predicted copy numbers via the derived power law from the
original publication. The resulting log predictions are compared to their true log copy numbers by MSE,
both globally and for the < 3,000 cps subset. These baseline errors are plotted with Random-Forest
predictions trained on automated features. Figure 39 show the output of the random forest regressor, the
best model by both accuracy and range. Here we see that the added dynamic data and machine learning
are able to extend the dynamic range of the prediction to 10,000 copies. This study demonstrates the

added value of the machine-learning approach for copy-number estimation.
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Figure 39 Random Forest Regression Plot. DNA quantification from original ANSA publication shown in
blue with three standard deviations. Random forest regression using dynamic structured data shown in
orange with three standard deviations. Linear fit shown in dashed red line.
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