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Abstract

Paper-based Nucleic Acid Amplification Testing at the Point-of-Care for HIV Viral Load Monitoring
Benjamin P. Sullivan

Chair of Supervisory Committee:
Jonathan D. Posner

Department of Mechanical Engineering

Major advancements have been made in the past forty years to combat the HIV pandemic. Viral
load testing, a type of nucleic acid amplification test (NAAT), is a crucial tool in early detection, monitoring
antiretroviral therapy efficacy, and maintaining viral suppression. However, there is a significant lack in
access to routine viral load testing, particularly in low- and middle-income countries where the burden of
disease is often the highest. Current platforms are prohibitively expensive and require trained technicians,
stable electricity, and established cold-chain logistics. These requirements limit traditional NAAT
platforms to centralized laboratories, reducing access and delaying linkage to appropriate care. There is an
urgent need to develop point-of-care (POC) NAAT devices for disseminated HIV viral load testing. In this
dissertation, I describe novel technologies and advancements in various areas of the NAAT workflow for
point-of-care implementation: sample preparation, amplification, and detection. While this work is focused
primarily on HIV, many of the same processes can be applied to other bloodborne viruses, such as Hepatitis

B, Hepeatitis C, Zika virus, Ebola virus, or malaria.

I first describe a paper-and-plastic device that leverages isotachophoresis (ITP) for the
electrokinetic extraction and purification of target DNA from a whole blood sample with minimal user
steps. The device integrates on-chip high efficiency blood fractionation, proteolytic digestion of plasma
proteins, and isotachophoretic extraction of nucleic acids with off-chip recombinase polymerase
amplification (RPA). I detail steps towards modifying this device for extraction of viral HIV RNA. This
requires the development and integration of lyophilized RNase inactivation chemistries onto paper
membranes. I then discuss a novel method for the quantification of RPA reactions on paper membranes for
point-of-care settings using amplification nucleation site analysis and show that this method can more
accurately quantify extracted viral HIV RNA across subtypes compared to traditional tube-based reactions.
The work presented in this dissertation describes advancements towards paper-based point-of-care
platforms for low-cost disseminated viral load testing (and NAAT testing as a whole) with minimal user

steps and cost.
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Chapter 1: Introduction

1.1 The HIV Pandemic

Since the first reports of acquired immunodeficiency syndrome (AIDS) caused by the human
immunodeficiency virus (HIV) in 1981,! nearly 80 million individuals have been infected with HIV while
over 36 million people have died as a result of AIDS-related illnesses.> Though major advancements in
treatment and prevention have been developed in the past 40 years, the World Health Organization (WHO)
estimates that at the end of 2020, there were 37.7 million people living with HIV (PLHIV) globally and
680,000 annual HIV-related deaths.> The majority of these individuals live in low- and middle-income

countries, with Sub-Saharan Africa accounting for nearly 70% of global incidence.*

Number of people living with HIV, 2019

&
No data O 50,000 100,000 250,000 500,000 1 million 2.5 million 5 million 10 million
[ ]| f f I e —
Source: IHME, Global Burden of Disease (2019) OurWorldInData.org/hiv-aids ¢ CC BY

Figure 1-1: Number of people living with HIV by country.’ The majority of people living with HIV are located in low- and middle-

income countries, such as India and Sub-Saharan Africa.



HIV is classified as a bloodborne virus. though can also be transmitted via other bodily fluids, such
as semen, vaginal fluids, and breast milk® It is an enveloped, single-stranded RNA virus, with a 9,749 base
genome coding for 9 distinct viral proteins.” HIV preferentially targets and infects CD4" T-cells, eventually
depleting an individual’s white blood cell count and the reducing the immune system’s ability to combat
opportunistic infections.® Once the virus invades a CD4" T-cell, it reverse transcribes its RNA genome into
proviral DNA through viral reverse transcriptase enzymes, and integrates the resulting DNA into the
genome of the host cell, catalyzed by viral integrase enzymes.’ The host cell then produces viral components
from this proviral DNA, a la the central dogma of biology, budding new virions until eventual cell death.'°
The infection timeline of HIV is comparatively long, with serious symptoms often not presenting for years
after initial infection, though individuals can still transmit the virus during this time frame.'! As the reverse
transcription step is comparatively error-prone, HIV is genetically diverse and has diverged into multiple
groups and subtypes with differing genomes, shown in Figure 1-2. Group M (Major) represents the vast
majority of global infections, and is further divided into nine different subtypes (A-D, F-H, J, and K).!? The
prevalence of each subtype is highly correlated to geography; Subtype B is dominant in North America and
Europe, whereas subtype C is most prevalent in South Africa.'* Groups O (Outlier) and N (non-M, non-O)

are largely related to small geographic regions in central Africa.'*
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Figure 1-2: Global distributions of HIV subtypes.’> While subtype C is most prevalent worldwide, specific regions are dominated
by different subtypes. Reprinted from The Lancet, Vol. 19, Hemelaar et al., Global and regional molecular epidemiology of HIV-

1, 1990-2015: a systematic review, global survey, and trend. Pages 143-155, Copyright 2019, with permission from Elsevier

One of the largest advancements in combating and controlling the HIV pandemic has been the
development of antiretroviral therapies (ART). Antiretroviral therapies are drug regimens that inhibit the
virus’ ability to replicate within host cells by interfering with various steps and components of the
replication process, suppressing viral infection. Examples of ART regimens include nucleotide reverse
transcriptase inhibitors (e.g. tenofovir formulations), integrase inhibitors (e.g. bictegravir), and protease
inhibitors (e.g. darunavir).'®!® As of 2020, 27.5 million people living with HIV are receiving ART
regimens.'® As viral suppression is achieved, HIV-related mortality decreases®® while sexual transmission
risk is nearly eliminated.?! Additionally, ART can be taken prophylactically by at-risk individuals, known
as PrEP, significantly reducing the likelihood of contracting the virus.?>?* However, the suppressive effects

of ART can lapse due to lack of regimen adherence or antiretroviral resistance development.?** In 2014,



the Joint United Nations Programme on HIV/AIDS (UNAIDS) developed the 90-90-90 targets as a global
goal to address the HIV pandemic. These targets stated that by 2020: (1) 90% of PLHIV should know their
status, (2) 90% of PLHIV who know their status should be receiving ART, and (3) of those receiving ART,
90% should be virally suppressed.”® As of 2020, 81% of PLHIV knew their status, 79% of PLHIV who
knew their status were on ART, and 92% of people on treatment were virally suppressed.'® While these
numbers represent significant achievement over the past several decades, only 59% of PLHIV were virally
suppressed in 2020. More recent 95-95-95 targets state that by 2025, 95% of PLHIV should know their
status, 95% of PLHIV who know their status should be receiving ART, and that 95% of those receiving
ART should be virally suppressed. These recent targets also include goals of reducing societal and legal
barriers to HIV care and prevention, specifically targeting the elimination of punitive laws, practices, and
stigma that can hamper linking PLHIV with appropriate care and counseling.?® Several countries have met
or exceeded the 90-90-90 benchmarks, including Botswana and Eswatini (which has also met the 95-95-95
targets) in sub-Saharan Africa.?® Bringing other countries and regions on track to meet the ambitious 95-
95-95 targets by 2025 will take significant investments in novel research, development, and implementation

strategies.

1.2 HIV Viral Load Monitoring

A crucial tool in controlling the HIV pandemic is routine viral load monitoring, which measures
the concentration of HIV virus in a sample of plasma from whole blood. An individual’s viral load is
indicative of disease progression and ART efficacy, with individuals considered to be virally suppressed if
they have a viral load of less than 1,000 copies of viral HIV RNA per mL of plasma. Those with a viral
load of greater than 1,000 cps/mL are considered to be in viral rebound and are typically recommended for
adherence counseling or second-line ART regimens.?’ It is suggested that individuals on ART receive a
viral load test once every 3-12 months to assess disease status and treatment efficacy.”® For PLHIV with

undetectable viral load, transmission is virtually nonexistent, as publicized by the recent “Undetectable =

4



Untransmittable” campaign.” Viral load testing is also the most sensitive method for initial diagnosis of
HIV infection and is able to detect HIV RNA as soon as 10 days after initial exposure. Other methods, such
as antigen- and antibody-based diagnostics cannot detect infection for another 10 — 14 days (i.e. 20 — 24
days after initial exposure).>*? Despite its advantages, viral load testing is comparably expensive and is
often limited to centralized laboratories due to the infrastructure, device, and training requirements to
perform viral load testing.** Consequently, only 60% of PLHIV have regular access to viral load testing,

with over 50 million viral load tests estimated to be required annually to meet the 90-90-90 targets.>*

Acute lliness

HIV Antibody
HIV RNA

Days Following HIV Acquisiton

Figure 1-3: Relative levels of HIV RNA, p24 antigen, and HIV antibody after infection.?> HIV RNA is the earliest detectable sign

of HIV infection by 10+ days, followed by HIV p24 antigen, and HIV antibodies.

1.3 Nucleic Acid Amplification Tests (NAATS)

Viral load testing belongs to a larger family of assays known as nucleic acid amplification tests
(NAATS). These assays target pathogenic nucleic acids (either RNA or DNA) and have become the gold
standard for the diagnosis for many infectious diseases due to their unparalleled sensitivity and specificity.*®
The majority of NAATS are performed in centralized laboratories due to requirements of cold chain storage,
sensitive instrumentation, reliable electrical power, proficient laboratory staff, and appropriate

infrastructure (e.g. temperature and humidity controlled buildings) to host the required equipment. These



requirements limit wide-spread dissemination of NAAT testing, and further complicate pre- and post-test
processes, such as specimen collection and transportation or return of results.?” These requirements and the

obstacles they pose are exacerbated in low- and middle-income countries, where a significant portion of

disease burden lies.

38,39

s
Whole blood sample Quantified viral load
. Requires centrifugation
for plasma
Dried blood spots Given in copies of RNA
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-
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Sample Preparation Amplification Detection
Viral lysis Nucleic acid duplication Signal measurement
Releases pathogenic Duplicates tens of copies Typically fluorescence,
DNA/RNA into solution to billions of copies can be electrochemical
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Nucleic acid purification
S t d . . . .
eparates and Nucleic acid amplification test process
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o /

Figure 1-4: Viral load testing workflow. A whole blood sample is collected and then centrifuged to produce plasma. The plasma
then is processed via sample preparation, in which viruses are lysed, endogenous RNases are inactivated, and nucleic acids are
purified and separated from inhibitors present. The nucleic acids are then amplified and detected, with the output signal of the
amplification assay (usually a fluorescent signal) used to quantify the input copy number relative to a known standard curve. This
produces a quantified viral load measurement, guiding clinical decisions. Specific (e.g. lysis methods, amplification techniques,

etc.) may vary for sample type and clinical needs.



The NAAT procedure is typically separated into three main steps: sample preparation,
amplification, and detection. Sample preparation processes a raw biospecimen (e.g., blood, urine, saliva) to
lyse pathogens and purify nucleic acids from inhibitors and other cellular debris present that would interfere
with downstream processes. Amplification exponentially duplicates molecules of nucleic acids to billions
of times their original concentrations through enzymatic reactions, which enables subsequent detection of
these amplicons through a variety of means (e.g. fluorescence measurements, electrochemical detection,

etc.)

In the context of viral load monitoring, the first step is typically the centrifugation or fractionation
of a whole blood sample to produce plasma, excluding sources of proviral DNA (i.e. white blood cells).
During sample preparation, the viral envelope and capsid of the virus is lysed, releasing genomic nucleic
acids into solution. This can be accomplished through a number of methods, including chemical,
mechanical, thermal, or enzymatic strategies.***? Once in solution, nucleic acid purification is most often
performed via solid phase extraction (SPE), which leverages silica columns, beads, or membranes to
preferentially bind and release nucleic acids (e.g., Qiagen MiniPrep or RNeasy kits). SPE utilizes high-
molarity chaotropic salts such as guanidine thiocyanate or guanidine hydrochloride (often also included in
lysis buffers), as they help facilitate nucleic acid adsorption onto silica materials through various
electrostatic shielding and hydrophobic interactions.**** In most instances, these chaotropic buffers also
serve to lyse virions and denature RNases and other inhibitory enzymes which can degrade nucleic acid
targets.*® Liquid-phase extraction, such as phenol-chloroform extraction, can also be used, though is less
popular.*’ Both of these methods require multiple washes, centrifugations, and buffer exchanges, and can
take up to an hour to perform. Figure 1-5 shows a typical solid-phase extraction protocol for RNA extraction
from a plasma sample, requiring at least eight fluid manipulations and five centrifugation steps. This method

is often referred to as Boom extraction.*?
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Figure 1-5: Qiagen RNeasy solid-phase extraction procedure for a plasma sample.?® Each pipette and spin symbol represents a
single fluid manipulation and centrifugation step, respectively, for a total of at least eight fluid manipulations and five centrifugation

steps.

The resulting purified nucleic acids are then readily added to amplification assays, which duplicate
the nucleic acids to detectable levels. Most commonly, polymerase chain reaction (PCR) or reverse-
transcription polymerase chain reaction (RT-PCR) assays are used for amplification, due to the excellent
sensitivity and specificity, though other methods exist (such as various isothermal methods, which are
discussed later in more detail). In PCR, repeated thermal cycling is used to denature, anneal, and extend
nucleic acid sequences.®” PCR assays have been developed for a wide range of diseases, and can be
multiplexed, targeting multiple sequences or pathogens in a single reaction.>**? In a typical PCR cycle, the
reaction temperature is first raised to ~ 95 °C to denature double-stranded DNA (dsDNA) to single-stranded
DNA (ssDNA). The temperature is then lowered (~ 55 °C) to anneal sequence specific primers, and then
raised slightly (~ 75 °C), after which polymerase enzymes bind to the 5’ end of the attached primers and
extend towards the 3’ end, creating a complimentary copy. After full extension, the cycle is repeated, and
the resulting duplicated dsDNA is denatured, providing additional templates for further amplification. In
this way, PCR doubles the amount of amplified DNA each cycle. This process is repeated for a total of 45+
cycles. The sensitivity (often less than 10 cps/rxn®*%) 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 several hours to complete.



Detection of the amplified nucleic acids is often performed via fluorescence measurement, either
through the use of intercalating dyes or fluorescent, sequence-specific probes, though other methods such
as electrochemical measures or visual color change have also been used.**>° Detection can be done in real-
time (i.e. during amplification) or as an endpoint measure (i.e. after amplification is completed).®*¢!
Quantitative PCR (qPCR) detects the presence of and quantifies pathogenic nucleic acids.®? 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 intensity threshold.
This is compared to calibration curves that are created with known target nucleic acid concentrations to
establish the concentration of the “unknown” clinical sample, with lower nucleic acid concentrations having
higher Ct values.®® Digital droplet PCR (ddPCR) can also be used for absolute quantification of nucleic
acids and does not require known comparison standards.®> ddPCR instead uses thousands of discrete,
droplet-sized PCR reactions in an oil-water immersion and leverages Poisson statistical distributions to
determine the number of copies of target DNA or RNA present based on the number of “positive” droplets.
This requires the use of complex droplet generators and separate readers with precise microfluidics and
optics. HIV viral load monitoring typically uses qPCR, though qPCR is equally crucial in other diseases in

which pathogen load can inform clinical treatment (e.g., SARS-CoV-2, Hepatitis B, Hepatitis C).54

These procedures can be performed manually, though due to the many laborious fluid manipulation,
centrifugation, and thermal cycling steps, are often automated in large, high-throughput platforms, such as
the Abbott m2000, Hologic Panther, or Roche cobas systems. These machines integrate sample preparation,
amplification, and detection and can process 500-1,000 samples every 8 hours by leveraging complex
hydraulics, electromechanical pathways, and robotics to replace the otherwise manual steps. However, the
platforms cost upwards of $150,000 and require significant laboratory infrastructure (e.g., consistent
electricity and temperature/humidity controlled environments), restricting their use to well-resourced

centralized laboratories and limiting applicability in low- and middle-income settings.®®



Hologic Panther Fusion Abbott m2000 Roche cobas

Figure 1-6: Automated, laboratory sample-to-answer platforms.(A) Hologic Panther Fusion (B) Abbott m2000 (C) Roche cobas

1.4 Point-of-Care NAATS

Point-of-care (POC) NAAT testing aims to inexpensively provide results at the time and place of
patient care, alleviating many of the obstacles traditional methods face in more widespread access and
dissemination (e.g., cost, sample transportation, difficulty in use, etc.).*®%° To facilitate and guide the
development of POC technologies, the World Health Organization has developed the ASSURED criteria
(Affordable, Specific, Sensitive, User-friendly, Rapid and robust, Equipment-free, and Delivered) to
describe the ideal point-of-care diagnostic.”” Recently, the REASSURED criteria has been proposed, with

the addition of “Real-time connectivity” and “Ease of specimen collection”.”!

Several POC NAAT platforms for HIV viral load monitoring have been commercialized, such as
the Abbott m-PIMA, Diagnostics for the Real World SAMBA 11, and the Cepheid GeneXpert. All of these
platforms and devices aim to simplify user steps (to reduce specialized training requirements), with many
receiving CLIA-waived status.”” These platforms are cartridge-based, with the majority of the equipment
(e.g. heaters, optics, robotics, etc.) enclosed in a reader unit, while sample is added to single-use, disposable
cartridges that contain the necessary assay reagents. There has been success in disseminated testing with
these platforms in low-tier laboratories, with many only requiring the additional step of centrifugation of
blood samples to produce plasma.” 7> The Cepheid GeneXpert, for instance, uses 1 mL plasma and is able

to quantify HIV Group M, O, N, and P in 91 minutes with an impressive limit-of-quantification of 40
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cps/mL.” The GeneXpert systems use a rotating piston to pump sample, lysis buffer (guanidinium
thiocyanate), and elution buffer over silica-based solid-phase extraction beads, with purified nucleic acids
then directed into a PCR manifold for RT-qPCR amplification, detection, and quantification. Cepheid offers
a full catalogue of cartridges designed to different targets, including respiratory pathogens (e.g. influenza,
RSV, SARS-CoV-2), bacterial targets (e.g. MRSA, tuberculosis), and even various genetic markers in the
human genome (e.g. thrombosis risk factors).”” The Abbott m-PIMA cartridge requires 50 puL of plasma and
uses air pressure with multiple septums to control fluid movement within the fluidic pathways, with an
analytical sensitivity of 800-1,000 cps/mL in the HIV-1/2 Viral Load Test.”® It uses sequence-specific
surface-hybridized capture oligos which bind HIV RNA present in a sample after pathogen lysis via
chaotropic agents (guanidinium hydrochloride), with inhibitors subsequently washed away, similar to
traditional solid-phase extraction. This is then followed by amplification of the viral RNA via RT-gPCR.”
While not applicable to viral load monitoring, m-PIMA system also offers cartridges for qualitative
detection of HIV, and uses a 25 ulL sample of capillary blood (e.g. heel or finger prick); Cepheid also offers
qualitative detection cartridges that can process whole blood samples. Despite their advantages, the costs
of these systems are still often prohibitive for primary- and community-level testing, with platform costs of
$10,000 — $25,000.2°8! Similar to high-throughput platforms, these point-of-care platforms rely on
mechanical and hydraulic complexities to automate user steps, driving platform costs upwards.
Additionally, the majority of these devices require stable plug power and technician training (albeit
significantly reduced from larger-scale platforms). Further innovation is still required to reduce testing and
platform costs, reduce time-to-results, and simplify user steps and associated training for more widely
disseminated NAAT testing, and will likely require significant deviations from traditional NAAT

workflows.
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Abbott m-PIMA DRW Samba Il Cepheid GeneXpert Il

Figure 1-7: Commercialized point-of-care NAATSs for HIV viral load testing. (A) Abbott m-Pima (B) DRW Samba II (C)

GeneXpert 11

Recently, Drain et al. published a target product profile (TPP) describing an ideal point-of-care
viral load test to guide assay and device development.® They describe a device that is able to return results
in less than 30 minutes, uses small volumes of finger prick, capillary blood (< 200 pL), is small, portable,
and robust, and has a limit-of-detection (LoD) of 200 cps/mL. A point-of-care device or system should be
able to perform all of the steps in HIV viral load testing (sample collection and metering, plasma separation,
viral lysis, RNA extraction, amplification and detection, and quantification) with minimal user steps or
training required. While these are ambitious targets, this provides valuable metrics for researchers to work
towards. Additional research gaps surrounding implementation are also identified; for instance, in terms of
patient outcomes, what is the most impactful level of healthcare system to implement disseminated viral
load testing (e.g. hospital, primary care clinic, community center, or in-home)? While the technological
challenges remain significant barriers to point-of-care viral load testing, any development will also have to

be paired with methodical research to understand the potential impact.

1.4.1 SARS-CoV-2 Point-of-care NAATS

While not a bloodborne disease, the global pandemic of COVID-19 (caused by the SARS-CoV-2

virus) resulted in a sudden and unprecedented need to develop point-of-care NAATS for rapid and sensitive
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testing, accelerating many technologies into commercialization. Though laboratory-based PCR and self-
administered rapid antigen tests account for the majority of diagnostic tests performed, several alternative
point-of-care NAAT platforms have been developed that received FDA Emergency Use Authorization
(EUA) approval.® These devices represent a major step forward towards disseminated NAAT testing, and
include the first approved home-based NAAT, the Lucira Check-1t. It is important to note that these systems
are not directly applicable to HIV viral load testing, as blood samples contain significantly more inhibitors
(both chemical and enzymatic) that must be addressed when compared to the nasal or saliva samples
typically used for SARS-CoV-2 testing. The most prominent of these point-of-care systems include the

Lucira Check-It, the Cue Health Cue system, and the Detect COVID-19 Test, shown Figure 1-8.

Lucira Check-It Cue Health Cue System Detect COVID-19

Figure 1-8: FDA EUA approved at-home SARS-CoV-2 NAAT tests. (A) Lucira Check-It (B) Cue Health Cue platform (C) Detect

COVID-19 Test

The Lucira Check-It and Detect systems use self-administered nasal swabs that are eluted into a
separate buffer tube. These buffers contain lytic agents to release viral RNA at room temperature.®® The
user then inserts the buffer tube into larger incubation and reader units which puncture the tubes and release
the liquid (containing viral RNA), rehydrating lyophilized nucleic acid amplification reagents contained
within the reader units. The Cue Health Cue system uses a proprietary swab system that is directly added

to a separate cartridge that is inserted into a larger heater unit. The viral RNA is then amplified via
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isothermal amplification (discussed in more detail in Section 1.5.2 ). Amplification reactions are monitored
and read-out through electronic monitoring of color-changing reactions, electrochemical detection paired
with an app, or lateral flow readout for the Check-It, Cue, and Detect, respectively. Results are produced in
as little as 20 minutes. All three of these devices received FDA Emergency-Use Authorization,®* with the
only user-steps required being the sample self-collection and sample introduction. While initially focused
on SARS-CoV-2, these platforms are being revised for detection of other respiratory viruses, such as
influenza or RSV. Significant modifications are likely to occur in future iterations to make these devices
more user- and cost-friendly, though they offer a foundation and pathway for future point-of-care NAAT

testing.

1.5 Emerging Technologies

Significant research has been devoted to developing novel technologies to address aspects of the
NAAT testing workflow (sample preparation, amplification, and detection) with the goal of faster, easier,
and cheaper testing. Some works have addressed only one of the three steps, while others have focused on

more integrated solutions, addressing multiple or all the necessary steps.

1.5.1 Sample Preparation

Sample preparation is often considered to be the primary bottleneck in nucleic acid testing.3+%3
Specific methods are inherently linked to the pathogen of interest and more importantly, the sample type
used. In dilute samples with minimal amplification inhibitors, such as nasal swabs eluted into viral transport
media for SARS-CoV-2 testing, samples can be directly added to amplification reactions without additional
sample preparation.’®%” Other sample types, such as blood or plasma, require significant sample preparation

due to the high concentrations of amplification inhibitors and target-degrading enzymes (e.g. RNases)

present.*®% Where significant sample preparation is required, e.g. HIV viral load testing, the majority of
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previous works have used some form of solid-phase extraction where nucleic acids are bound to a substrate
and interfering species are removed, with either novel solid-phase morphologies (e.g. beads, membranes,
etc.) or fluid manipulation strategies to simplify the process. Since the fundamental mechanisms are the
same as traditional solid-phase extraction (detailed in Section 1.3 ), there are similar requirements of
repeated washing, elution, etc. Various research groups have leveraged microfluidics to pass sample, wash,
and elution buffers past a stationary solid-phase isolation membrane or monolith to capture and purify
nucleic acids.””** These methods are amenable to further integration with amplification and detection, all
on a single chip or device, yet still require the use of complex valving and hydraulic control and often use
complicated and expensive manufacturing, such as lithography. Other research has focused on using
magnetic beads that capture nucleic acids; often this involves manipulating the magnetic beads (and
associated/bound nucleic acids) via an external magnet though several buffer reservoirs separated by

9497 These beads can be coated in silica (leveraging Boom extraction

immiscible fluids or air gaps.
mechanisms) or conjugated with capture oligos designed to bind to specific target nucleic acids to retain
the nucleic acids as inhibitors are removed with wash buffers. Other technologies use buffers with differing
pH to modulate the surface charge of magnetic beads (e.g. Invitrogen ChargeSwitch technology), with
nucleic acids binding to the beads under low pH conditions (as the beads are positively charged in this
regime) while inhibitors are washed away, and then eluting into solution as higher pH elution buffer is
added.”* With bead manipulation via external magnetic fields, the nucleic acids are brought to and through
the various wash and elution buffers (in contrast to traditional solid-phase extraction, where the buffers are
brought to the capture media and nucleic acids in spin columns). All of these strategies can eliminate the

necessity of centrifugation and manual buffer exchanges, though instead require robotics, pumps, and/or

microfluidics to control fluid flow or external magnets, increasing platform complexity and costs.

Paper-based sample preparation methods have also been developed. One of the more popular
commercial options is the Whatman FTA membrane, a cellulose-based membrane impregnated with

propriety surface treatments that lyse pathogens and bind nucleic acids, releasing the DNA/RNA into
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solution as an elution buffer is added.’* These membranes have been integrated into origami-like devices
such as that shown by Govindarajan et al.?® to aid in useability, though this technology does require the use
of wash and elution buffers that must be added separately and sequentially. A Whatman FTA membrane
was integrated into paper-and-plastic devices by Connelly et al., in which a user would add a plasma sample
to the FTA membrane, apply a wash buffer to the membrane, and then directly add LAMP reagents,
amplifying the target (spiked E. coli cells) within the same membrane, with an intercalating dye finally
added to the membrane for fluorescence detection. While this method simplified many aspects of the sample
preparation process, it required a significant number of sequential fluid additions while the Whatman FTA
membrane needed to be dried at an elevated temperature in between each step, necessitating the use of a 65
°C oven.” Jangam et al. used a similar approach, though used a Fusion 5 membrane onto which a sample
of HIV+ blood as added followed by addition of NaOH to lyse cells and wash away hemoglobin (and other
PCR inhibitors).!? The small pad of Fusion 5 was then added directly to a PCR reaction, in which proviral
HIV DNA was amplified and detected. It is unclear whether this method could be used for detection of viral
RNA, as RNA is significantly more prone to degradation. Others have used reagents deposited onto paper
membranes to selectively bind and elute nucleic acids, such as Byrnes ef al., who patterned chitosan onto
glass-fiber membranes and selectively captured and eluted DNA by applying buffers with different pH
(similar to ChargeSwitch technology).'°! All of these methods (among others) benefit from the low-cost

and ease of manufacturing of paper-based devices.!”

While many of these methods solve some of the practical issues surrounding complex sample
preparation at the point-of-care, there is often some less-than-desirable tradeoff made. Virtually all of these
methods still require some controlled movement/fluid manipulation, as multiple buffers must be
sequentially introduced to the nucleic acids to bind, wash, and elute them into a clean system for
downstream amplification (e.g. through the use of motorized external magnets or multiple manual buffer
additions which increase platform costs or increase complexity, respectively), and consequently there is

still a need to develop POC-amenable sample preparation methods.
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1.5.1.1 Isotachophoresis

Isotachophoresis is an electrokinetic sample separation technique that has been applied to
purification of nucleic acids from complex biological samples.'® 1% First recognized for its ability to
separate and concentrate metal ions from organic solutions in the early 19" century,'®® isotachophoresis
(ITP) is appealing for nucleic acid sample preparation as it uses simple, inexpensive buffers, and requires
no moving parts or valving. ITP relies on a discontinuous buffer system containing a high electrophoretic
mobility, high conductance leading electrolyte (LE) and a low mobility, low conductance trailing electrolyte
(TE). As an electric field is applied to the system, a charged sample species with an intermediate mobility,
such as nucleic acids in an appropriately designed system, focuses at the interface between the two
electrolytes. A self-sharpening peak or plug of analyte forms, with species having higher or lower mobilities
than the LE and TE, respectively, (e.g. inhibitory proteins) are excluded from the interface plug region,
resulting in the purification and concentration of the analyte of interest (e.g. nucleic acids), often in less

than 20 minutes.'®

A typical isotachophoretic system is shown in Figure 1-9, where a sample is located between the
LE and TE buffer. Note that this is an example of a finite injection scheme; semi-infinite schemes also
exist, where the sample is mixed into the TE, though this typically results in lower extraction efficiencies
at the benefit of reduced overall complexity.'!® Only finite injection schemes are used in this work, though
the governing principles extend to semi-infinite schemes as well. A counter-ion is also used in
isotachophoretic systems, which migrates in the opposite direction as the LE, TE, and analytes of interest,
and helps regulate pH. Here, I will only consider anionic ITP, in which the LE, TE, and analytes are
negatively charged (and thus migrate towards the positively charged cathode); cationic isotachophoresis

also exists for the extraction and purification of positively charged analytes.!!!
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Figure 1-9: Finite injection anionic isotachophoresis at time to and t:+1. Initially the analyte is mixed with an inhibitor molecule,
located between the TE zone and LE zone. As a potential is applied across the system, the negatively charged ions migrate towards
the cathode, though the analyte (with its electrophoretic mobility in between that of the TE and LE) focuses at the TE/LE interface,
while the inhibitor molecule with its lower electrophoretic mobility is left behind and excluded. As the ions migrate towards the
cathode, the region in which TE ions displace LE ions is called the adjusted TE zone (ATE zone), and has slightly different
characteristics (concentrations, field strength, etc.) than the original TE zone. Note that the various ions adjust their concentrations
(and corresponding electric field strength) such that the ions migrate at the same speed. Concentration curves and electric field

strength simulated in SPRESSO./??

The velocity of any given species within an isotachophoretic system is given by Equation 1, where
y; is the electrophoretic mobility of the i species, E is the electric field strength, and V; is that species

velocity.
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The electric field strength, E is determined by the current density (J) and the conductivity (o) at that spatial
point, given by Maxwell’s current density equation: E = J/a. The current density of the system is uniform
(assuming constant cross-sectional area of the system), though as the conductivities of the LE and TE are
significantly different, a non-linear electric field gradient forms across the length of the isotachophoretic
system, shown in Figure 1-9. Chemical species present in the system will mutually separate themselves
based on their electrophoretic mobilities, eventually forming distinct peaks or plateaus of species with
migrating boundaries between them. The non-linear electric field gradient between these zones results in
the self-sharpening boundary behavior that is indicative of isotachophoresis. As the analyte of interest
electro-migrates towards the cathode, analytes molecules that diffuse forward into the LE zone suddenly
experience a low electric field strength and the electrophoretic velocity of those molecules decreases (from
Eq. 1). Conversely, if the molecules diffuse into the TE zone, the molecules experience a high electric field
strength, and the electrophoretic velocity increases. In this way, a concentrated ITP plug is formed at the
boundary of the LE and TE zones, concentrating analytes of interest by thousands or even millions of times
their original concentrations.!'>!!* As the LE and TE electrolytes are specifically chosen for a given analyte
of interest, such that the two respectively electrophoretic mobilities bracket the analyte of interest’s

electrophoretic mobility (4rg < Uanaiyte < Urr) Other species present of the system (e.g. various proteins

or inhibitors) are excluded from the ITP “plug zone.” These other, unwanted species either overspeed the
plug zone into, and eventually in front of, the LE zone due to their higher electrophoretic mobilities or are
very slow and are overtaken by the TE ions, being left behind. The concentrations of the LE, TE, and analyte
adjust such that the velocities of all ions (on a bulk scale) are uniform; this is the origin of the term

isotachophoresis, from the Greek roots “isos” meaning equal and “tdchos” meaning speed or velocity.

The theoretical framework for isotachophoretic dynamics was pioneered by Kohlrausch er al.''s
Everaerts et al.''®, and Bocek et al.''’. Up until the early 2000’s, ITP has primarily been used as a
preconcentrating method for subsequent analytical techniques, such as capillary electrophoresis.''® Since

0

then, isotachophoresis has been used for purification of various bioanalytes!!® and the control and
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acceleration of biochemical reactions.!”” A number of computational simulation tools have also been
developed, such as SPRESSO and CAFES, to aid in the design of isotachophoretic systems.!!%120:121
Kondratova et al. were the first to show successful isotachophoretic extraction of nucleic acids from
complex biological samples, including human plasma/serum and urine in agarose gel rods, though this
required significant sample preparation, including overnight incubation with proteinase K/SDS and
dialysis.!%!7 Since then, isotachophoresis has been demonstrated in microchannel and paper-based
formats, and has been used to separate and purify nucleic acids from a range of biological samples,

including urine, milk, and blood.!%%122-125

Persat et al. were the first to extract and purify nucleic acids from diluted whole blood lysate using
ITP.!% They targeted genomic DNA with an estimated extraction efficiency of 30-70% and processed 2.5
nL of whole blood that had been diluted 10-fold with lysis buffer, for a total processed sample volume of
25 nL. Eid et al. extracted nucleic acids from Listeria monocytogenes cells in diluted whole blood via ITP
and amplified using off-chip recombinase polymerase amplification, achieving a limit-of-detection (LoD)
of 5x10° cell-equivalents per mL when using purified genomic DNA and 2x10* cells per mL when using L.
monocytogenes cells.'?® In both experiments, 2.5 pL of whole blood was spiked with target and diluted 10-
fold with lysis buffer and modified LE. Marshall et al. purified and detected genomic DNA from P.
falciparum parasites using ITP, with a limit of detection reported as 500 parasites per uL blood.!?’ In this
work, 1 pL of whole blood was added to a 14 pL reservoir of TE and proteinase K, utilizing ITP with a

semi-infinite sample injection scheme to separate the nucleic acids after pathogen lysis.

Previous implementations of ITP for the extraction and purification of nucleic acids from complex
samples have been primarily performed in microchannel formats. As an alternative form factor, paper-based
ITP separations have been leveraged for low-cost diagnostic applications. Moghadam et al. was the first to
use paper substrates for ITP, showing a 900-fold concentration of fluorescent dye in a nitrocellulose
membrane.'?* Later studies further expanded on paper-based ITP, such as that of Rosenfeld e al.!'* and Li

et al.'*, though this work did not use complex samples. Bender ez al. were the earliest to use complex
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samples in paper-based ITP, extracting and simultaneously amplifying DNA (via recombinase polymerase
amplification) from plasma samples.'® Paper substrates are attractive for point-of-care diagnostics due to
their low cost, ease of manufacture, large sample volumes, and loading simplicity. In later chapters, |
describe advances made in developing an integrated ITP-based device for the extraction of nucleic acids

from whole blood with minimal user steps.

1.5.2 Isothermal Amplification

One of the greatest impediments to more widespread use of PCR for amplification and detection is
the requirement of expensive thermocyclers and long assay times.'”® As an alternative, isothermal
amplification methods have been developed, such as loop-mediated isothermal amplification (LAMP),
helicase-dependent amplification (HDA), isothermal strand-displacement amplification (iSDA), or

recombinase polymerase amplification (RPA).'?%132

Table 1-1: List of various isothermal amplification methods

Method Temperature Time
Loop-mediated isothermal amplification (LAMP) 65 °C 30-60 minutes
Helicase-dependent amplification (HDA) 65 °C 60 minutes
Isothermal strand displacement amplification (iISDA) 49 °C 20 minutes
Recombinase polymerase amplification (RPA) 39°C 15 minutes
Nucleic acid based sequence amplification (NASBA) 40 °C 70 minutes

Instead of relying on thermocycling, isothermal amplification techniques leverage unique enzymes
and/or primer design for nucleic acid replication, reducing the maximum operating temperature from ~95
°C (in the case of PCR) to 60 °C or below. LAMP is a highly explored amplification method that is
performed at 60-65 °C for 30-60 minutes, and uses four to six primers for strand displacement and
subsequent amplification.'” Detection is typically done via fluorescent dyes, turbidity measurement, or

59,133,134

halochromic visual indicators. LAMP assays have been developed for many diseases, including
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HIV, SARS-CoV-2, Hepatitis B, and Hepatitis C, though multiplexed detection can be difficult due to the

complicated nature and structure of LAMP amplicons. 3513

RPA is a particularly attractive amplification method at the point-of-care because it is performed
at a single low temperature (39 °C) and produces results in less than 20 minutes. RPA utilizes recombinase
and single-strand binding proteins to facilitate primer insertion and amplification. Sequence-specific probes
(similar to TagMan probes used in PCR) are used for detection, allowing for multiplexed detection of
pathogenic nucleic acids in a single reaction tube.!%13%140141 Figyre 1-10 shows the mechanism of RPA.
Briefly, recombinase proteins bind with the primers to form recombinase-primer complexes. These
recombinase proteins facilitate the insertion of the primers into the homologous portion of the target
genome, while single-stranded binding proteins stabilize the opposite, displaced strand. A strand-displacing
polymerase (Bsu or Sau polymerase) then binds onto the inserted primers and extends the new strand in the
3’ direction. This process then repeated with newly created strands, exponentially amplifying the targeted
region between the forward and reverse primers. For fluorescence detection and monitoring of the reaction,
a sequence-specific exo probe is included in the reaction. This oligo is complementary to a portion of the
amplicon and consists of an internal fluorophore and quencher separated by an abasic site (i.e.
tetrahydrofuran residue). The probe hybridizes with its complementary sequence, and an exonuclease
(Exonuclease III) cleaves the abasic site, separating the quencher and fluorophore. The unquenched
fluorophore and resulting fluorescence is then used to measure amplification progression. This cleavage
only occurs if the probe is hybridized in double-stranded DNA, and consequently, this adds significant
specificity to the reaction. The probe then acts as a primer, and exponential amplification of the region
between the probe and either the forward or reverse primer occurs (which primer depends on which strand

the probe is designed for). This process is shown in Figure 1-11.

The enzyme- and protein-intensive nature of RPA necessitates the use of significant concentrations
of polyethylene glycol (PEG) as a crowding agent, resulting in highly viscous reaction chemistry that

requires a manual agitation/mixing step to redistribute amplicons 4-5 minutes into a reaction.'** RPA is also
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unique in its reaction initiation mechanism; many, higher temperature amplification methods (e.g. PCR or
LAMP) rely on WarmStart or HotStart enzymes to synchronize reaction initiation between
tubes/experiments, a crucial aspect for most quantification or comparison schemes. In these assays, a
temperature-sensitive antibody is conjugated to the polymerase, preventing polymerization of new strands
of DNA until heated to a certain temperature, at which point the antibody dissociates and frees the
polymerase, which then proceeds to amplify the target region.!** As RPA is performed at relatively low
temperatures (39 °C), this method of assay synchronization is not feasible; instead, magnesium acetate (a
crucial cofactor for polymerase activity) is withheld until the start of the assay, and is typically pipetted into
the tube cap such that when the reaction tubes are shaken, magnesium is introduced and initiates the

reaction.'**
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Figure 1-10: Recombinase polymerase amplification process.’** (A) Recombinase proteins form recombinase-primer complexes
or filaments with the target primers. (B,C) These complexes search for homologous sequences in target nucleic acids. The
recombinase proteins promote primer insertion via strand invasion. (D) Single-stranded binding proteins stabilize the displaced
nucleic acid strand. (E) A strand-displacing polymerase binds to the inserted primer as the recombinase-primer complex
disassembles. (F-H) The polymerase elongates off the 3’ end of the primer, producing a new complimentary strand. This process
is continually repeated at 39 °C, resulting in exponential amplification. Adapted from Trends in Analytical Chemistry, Vol. 98,
Lobato and Sullivan., Recombinase polymerase amplification: Basics, applications, and recent advances. Pages 19-35, Copyright

2018, with permission from Elsevier
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Figure 1-11: Recombinase polymerase amplification detection by exo probe. (A) Sequence-specific probes consist of a fluorophore
and quencher separated by an abasic site (i.e. tetrahydrofuran residue). A blocking group (e.g. C3-spacer) is placed on the 3’ side
of the probe to prevent polymerase extension. (B) The probe hybridizes to its complementary sequence in the amplicon with
insertion facilitated by recombinase proteins. (C) An exonuclease (Exonuclease III) cleaves the abasic site. This only occurs when
the probe has hybridized with its complementary sequence to form double-stranded DNA. Note that the opposite strand is not
shown here for clarity. (D,E) Strand-displacing polymerase binds to the 5* end of the probe and begins to extend in the 3’ direction.
This displaces the portion of the probe that contains the quencher, spatially separating it from the fluorophore, with the resulting
fluorescence used to measure amplification progression. (F-I) This secondary amplicon can then be exponentially amplified

between the probe region and one of the primers (depending on which strand the probe is designed to hybridize with).
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Various form factors of RPA amplification have been investigated, including inexpensive paper-
and-plastic devices for use at the point-of-care.'*~'*7 While isothermal amplification methods are much
more easily implemented at the point of care, the lack of thermocycling also removes the inherent
annealing/extension synchronization that gives qPCR its precise quantification capability, making sample
quantification (crucial in HIV viral load monitoring) via isothermal amplification challenging.!*® Several
groups have related various LAMP metrics, such as real-time reaction turbidity or end-point colorimetric
indicator dyes to input nucleic acid copy numbers.'**!3® Most RPA assays use bulk fluorescence
measurement (e.g. time-to-threshold) for nucleic acid quantification, though this approach lacks precision

and calibrations can vary across target genotype/subtype.!'>-154

Challenges in quantification by RPA have
been attributed to desynchronized amplification, chemical initiation of the reaction, and high viscosity
reaction chemistry.'*® Some efforts to use RPA for quantification, such as those shown by Crannell et al.
and Bender et al. have had some success, though there are no careful studies showing that RPA has

sufficient quantitative precision for a clinical application. !5

While not necessarily an emerging technology, lateral flow assays (LFAs) can also be used to detect
amplified nucleic acids as an endpoint measurement. These assays are attractive in point-of-care settings as
they can be inexpensively mass manufactured, require very little training to perform, and can be readout
visually with no external equipment necessary.!>® LFAs for nucleic acid detection work similarly to how
antigen-based LFAs function. Briefly, amplified nucleic acids are applied and flow over a test line of pre-
deposited capture molecules that are designed to specifically bind to certain molecular tags (such as biotin,
FAM, or digoxigenin). Slight amplification assay modification is necessary for LFA applications through
the conjugation of these tags to the forward primer, reverse primer, and/or probe, such that the resulting
amplicon is tagged by two distinct conjugated molecules (e.g. biotin and FAM). As the tagged amplicons
flow over the test line, one tag is bound by its complimentary capture molecule on a nitrocellulose substrate
(e.g. streptavidin for biotin, anti-FAM for FAM, and anti-digoxigenin for digoxigenin). The other tag binds

to its complementary capture molecule which is conjugated to a colorimetric particle (e.g. gold
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nanoparticles or latex beads). In this way, a sandwich structure is formed, with the target of interest bridging
the test line capture molecules and the colorimetric particles, forming a visually distinguishable test line.
While LFAs have traditionally been limited to binary endpoint detection (presence vs absence of the target
of interest — i.e., amplified nucleic acids), there have been reports of using the test line/band intensity as a
quantitative measure, though this often requires the use of complex imaging or camera setups.'>!%
Recently, Hull et al., Mancuso ef al., and Rosenbohm et al. have shown quantitative lateral flow readout of
RPA and HDA reactions, without complex imaging through the use of a duplexed competitive internal
amplification control.!®® 12 These amplification assays are designed such that when the target of interest is
at a higher concentration than the designed internal control, the amplification reaction favors the target of
interest and the target test line appears significantly stronger than the internal control test line in LFA
readout. As the assay is multiplexed, the two reactions are competing over limited reagents (e.g. dNTPs,
ATP, etc.) — if the target of interest starts at higher concentration, it will amplify first and faster, effectively
starving the internal control reaction (or if the internal control is at a higher concentration, the target of

interest reaction will be starved). In this way, a semi-quantitative “higher-than-or-lower-than” comparison

against the internal amplification control can be achieved, though at the cost of increased assay complexity.

1.5.3 Technical Challenges in HIV Viral Load Testing

HIV wviral load testing poses a particularly difficult target to work towards in POC NAAT
development (though all bloodborne disease pose significant challenges in general). This is largely due to
the inherent complexities of processing blood samples combined with the unique aspects of the HIV virus.
The HIV virus replicates within CD4" T-cells, reverse transcribing its RNA into proviral DNA, and then
inserting and integrating this proviral DNA within the cellular genome for viral component replication. This
poses a challenge for viral load assays, as they cannot readily distinguish between viral RNA and proviral
DNA, the latter of which can inflate viral load measurements even though it may not be indicative active

viral replication.'> Consequently, many viral load test require the use of plasma samples instead of whole
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blood, as plasma excludes white blood cells (i.e. CD4" T-cells) which serve as a reservoir of proviral DNA.
In this way, only virus (and viral RNA) is collected and measured in viral load testing, though this requires
a separate centrifugation step. This same concern of proviral DNA carries over into point-of-care viral load
testing, necessitating some form of integrated plasma generation, with significant research focused on the

development of passive membrane-based plasma separators for similar use-cases. 641

Blood is a particularly difficult sample to process due to its constituents. There are many inhibitors
present, such as hemoglobin® that must be removed prior to amplification. Additionally, blood contains
significant concentrations of RNases — ubiquitous nucleases that facilitate the degradation of RNA. 167
RNases are extremely hardy, resisting thermal deactivation and more common enzymatic deactivation
protocols.!®® Reagents used in traditional solid phase extraction techniques entirely denature protein
structures, including RNases, though the use of high molarity chaotropic agents. However, these reagents
are inherently incompatible with subsequent amplification (as they would also denature the polymerase
enzymes necessary for amplification), necessitating the many wash, centrifugation, and fluid manipulation
steps that complicate traditional solid phase extraction. Previous studies have shown that over 99% of
exogenous RNA added to human plasma becomes non-amplifiable via PCR after only 15 seconds of contact
time.'®” Any point-of-care viral load test must actively and rapidly deactivate the RNases present in blood

samples, as any extended contact time once the viral capsule is lysed will likely result in RNA degradation.

HIV is a relatively genetically diverse virus, which requires careful amplification assay design. As
amplification assays rely on conserved genome sequences for primer and probe hybridization, nucleotide
mutations or mismatches within these zones can significantly affect amplification efficiency. To
accommodate the genetic diversity of HIV, many commercial amplification assays use multiple degenerate
primers and/or probes with multiple gene targets. For instance, the Roche COBAS AmpliPrep/COBAS
TagMan HIV Test, version 2.0 qPCR assay targets both the LTR and gag genes, with three and four separate
primers for each target, respectively.'® The Hologic Aptima HIV Quant Dx Assay targets both the LTR

and pol genes.'”” RPA is notable in that it can withstand multiple nucleotide mismatches in the primer and
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probe sequences, allowing for cross-subtype detection with a single primer/probe pairing, though

amplification efficiency can be affected.!>*!"!

The relevant and necessary limits of detection in viral load monitoring are also extremely
demanding. As an illustrative thought-experiment, consider a theoretical point-of-care device that were to
use a finger prick blood sample with a volume a 50-100 puL, equating to roughly to 30-60 uL of plasma
(assuming 40% hematocrit). At a viral load concentration of 1,000 copies per mL of plasma (the traditional
cutoff for viral suppression), this results in only 30-60 copies of viral RNA to process, amplify, and detect.
This is on the same order of magnitude as many amplification assay limits of detection,!>*!">!73 Jeaving

very little room for inefficiencies and losses throughout sample preparation and other manipulations.

In any successful point-of-care viral load test device, all these concerns and obstacles must be
addressed simultaneously, which poses a significant challenge for any assay or device developer. New
technologies are necessary to address the various steps in the viral load testing workflow in low-cost and

low-complexity solutions.

1.6 Research Objectives

The previous sections have detailed the need and requirements of HIV viral load testing at the
point-of-care. The objective of my dissertation is to develop novel techniques, technologies, and devices to
address the various steps in the viral load testing process, including sample preparation, amplification, and
detection in low-cost and disposable form factors. In order to address these objectives, I will detail the

following works:

1. Nucleic acid sample preparation from whole blood in a paper-and-plastic microfluidic device
using isotachophoresis and the integration of RNase inactivation chemistries
2. Development of amplification nucleation site analysis as a more accurate metric to quantify

recombinase polymerase amplification (RPA) reactions across HIV subtypes
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Chapter 2: Nucleic Acid Sample Preparation from Whole Blood

using Isotachophoresis

2.1 Introduction

One of the key challenges facing more widely disseminated NAAT diagnostics is the complexities
of current sample preparation techniques, which are often considered to be a primary bottleneck in nucleic
acid testing.’*%5 Traditional sample preparation is performed via liquid phase extraction (LPE), such as
phenol-chloroform extraction, or solid phase extraction (SPE) techniques, which preferentially bind and
release nucleic acids to silica columns, beads, or membranes. These protocols utilize high-molarity toxic
chaotropic salts such as guanidine thiocyanate or guanidine hydrochloride (often included in lysis buffers),
which facilitate nucleic acid adsorption onto silica materials.**** Both LPE and SPE result in purified
nucleic acids that are readily added to amplification reactions. These protocols require numerous manual
pipetting and centrifugation steps, can take more than an hour to perform, and can be difficult to implement
in point-of-care settings due to their requirements for training, refrigerated reagent storage, and necessary

associated equipment (e.g. centrifuges and pipettes).*

As described previously, isotachophoresis is a powerful separation method that has been used to
extract and purify nucleic acids from biological samples with minimal user steps.!®'%” The majority of
previous work that has focused on isotachophoretic nucleic acid extraction and purification has been
performed in microchannel devices manufactured via traditional photolithography or injection
molding.'"!”> These devices have a number of advantages, such as precisely defined geometries, minimal
channel adhesion sample loss, and readily available mass manufacturing methods, though they suffer from
complex LE/TE buffer loading procedures (often requiring vacuum assistance) and minimally constrained
free-surface liquid reservoirs,'” complicating potential applications at the point-of-care. Additionally, in

microchannel based ITP, sample volumes have historically been relatively small (< 2.5 pL undiluted
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sample), while recovering ITP-focused target analytes can prove challenging and cumbersome. Paper-based
ITP systems are robust, extremely inexpensive to manufacture, and allow for larger sample volumes. Large

176,177

scale paper-based ITP was originally used for laboratory separations of ions, while more recent

microfluidic-based paper devices have been developed for point-of-care applications.!4125-178179
Moghadam et al. were the first to demonstrate isotachophoretic preconcentration in a paper-based
microfluidic device, using this to improve the limit of detection of rapid immunoassays by two orders of
magnitude.'?*!8 Rosenfeld and Bercovici created a paper-based ITP system by patterning wax onto a
nitrocellulose membrane to constrain the LE/TE buffers and showed 20,000 fold sample focusing and
amplification-free detection of target DNA in buffer.!” Previously, Bender et al. extracted target DNA from
human serum utilizing paper-based ITP and simultaneously amplified on-device via recombinase
polymerase amplification with a limit of detection of 10* copies DNA per mL from an initial sample volume

of 20 pL.'% They also showed proof-of-concept data describing extraction and amplification of DNA from

whole blood while using a significant concentration of target DNA.

While ITP represents an attractive solution for nucleic acid extraction and purification from
complex samples such as whole blood, additional sample pretreatment steps such as off-chip sample
dilution or protein digestion are often still necessary. Dilution is frequently required as the high salt and
protein content of blood and plasma can make isotachophoretic extraction difficult due to effects on
viscosity, ionic strength, pH, and conductivity of the system.!®! For applications that are primarily
concerned with pathogen presence and binary diagnoses (i.e. where the concentrations of the target are
relatively high), dilution may not be problematic. Dilution can be detrimental, however, for applications
where low limits of detection are necessary, such as in HIV viral load monitoring.*® In these application
spaces, there is often only one (or less) target nucleic acids per microliter, necessitating large biological
sample volumes to ensure sufficient target is present. In much of the previous work in which whole blood
was used as a sample in ITP, the total processed sample volume was typically 10-25 microliters while the

volume of blood processed was merely 1-2.5 microliters (i.e. 10x diluted). For this reason, there have been
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several works that have focused on increasing ITP sample volume or biological sample concentration. For
instance, van Kooten et al. focused DNA and E. coli bacteria diluted in 50 pL trailing electrolyte into a
volume of 500 pL by carefully designing their microchannel-based system.!’”* While this volume is
impressive in an isotachophoretic system, complex biological samples were not tested. Bender et al.
extracted nucleic acids from 20 pL of human serum, representing one of the largest volumes of undiluted
complex sample used in isotachophoretic systems to date.!'® For bloodborne pathogen detection in the
point-of-care setting, it is often necessary to process large volumes of blood to reach low limits of detection
in downstream nucleic acid amplification assays. This requires an integrated approach that addresses many
unique aspects of using whole blood as a sample, including leukocyte/erythrocyte depletion and
endogenous protein digestion to successfully extract and purify target nucleic acids in an inexpensive, semi-

automated manner with minimal user steps.

In this chapter, I present a paper-based, isotachophoretic nucleic acid sample preparation platform
that extracts target DNA from undiluted human whole blood. This device directly processes relatively large
volumes (33 pL) of whole blood, with no preliminary dilution or pretreatment steps required. 1 verify
nucleic acid isotachophoretic extraction and purification by real-time imaging of fluorescently labeled DNA
and off-device recombinase polymerase amplification (RPA). I show an optimized integrated plasma
separation membrane for cell fractionation, as well as on-paper proteolytic digestion of endogenous plasma
proteins via proteinase K to enable isotachophoretic extraction, verified using SDS-PAGE. I discuss design
decisions in the development of a platform that reduces the number of user steps and potential sources of
error, including the first integration of paper-based ITP buffer reservoirs. I then detail steps towards the
integration of lyophilized RNase inactivation chemistries onto paper membranes for viral RNA extraction.
The nucleic acid sample preparation platform presented here represents a step towards a simple, robust,
low-cost sample preparation technique for point-of-care NAATS for bloodborne diseases, including HIV

viral load monitoring.

32



2.2 Experimental Section

2.2.1 Device Construction

I use an integrated paper-based nucleic acid sample preparation device to extract target nucleic
acids from whole human blood. Figure 2-1 shows the device constructed from different layers of
inexpensive, readily available materials, including acrylic, paper-like membranes, PCR tape, and titanium
foil. The acrylic body is fabricated into a 65 mm x 20 mm rectangle from 3 mm thick acrylic using a CO»
laser cutter (M360, Universal Laser Systems, USA). Two 12.5 mm square ITP buffer reservoir wells are
cut out of the acrylic near the ends. A 65 mm x 20 mm rectangle of PCR tape (TempPlate RT Select Optical
Film, USA Scientific, USA) is cut via laser cutter, forming the bottom tape. Two rectangles of 20 mm x 6
mm x 0.12 mm titanium foil (LiteOutdoors, CAN) are cut by hand and placed in between the bottom tape
and the acrylic body such that roughly 7.5 mm of the foil rectangles extend over the short edges of the
device. Twelve 10 mm squares of glass fiber membrane (G041 Glass Fiber Conjugate Pad, Millipore Sigma,
USA) are cut using a craft cutter (Silhouette Cameo 3, Silhouette America, USA), with six squares placed
in each ITP buffer reservoir well, forming the paper-based ITP reservoirs. I use paper-based ITP reservoirs
instead of traditional liquid reservoirs to minimize spills and leaks from the device during buffer loading
and manipulation, as the entire liquid system is contained within a membrane matrix, a main benefit of
paper-based devices. A Fusion 5 membrane (GE Healthcare Life Sciences, USA) is cut with the craft cutter
as the ITP pad and placed such that the ends of the Fusion 5 are in contact with the glass fiber reservoirs.
Towards one end of the Fusion 5 membrane is the sample pad which features a spade-like widening that is
9 mm at its widest extent. The remainder of the Fusion 5 membrane is 3 mm wide. I place the PCR cover
tape over the Fusion 5 membrane and apply light pressure against the acrylic body to ensure a tight
seal/bond. The cover tape has two small circular apertures that are located over the glass fiber reservoirs
for buffer addition. The cover tape also has a rectangular opening that exposes a section of the narrower

portion of the Fusion 5 membrane, identified as the eluate port, and another, separate spade-shaped cut-out,
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called the sample port, that reveals the sample pad. Initially, a small rectangle of PCR tape (25 mm x 15

mm) covers the eluate port.

A

tape Trailing electrolyte
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Vivid @ o . reservoir
membrane B Blood filtration 2
B fixturing EAE
' "~ Eluate port
tape )
" 1 Leading
Fusion 5 electrolyte
membrane — Cover tape reservoir
Titanium foil Glass fiber C

electrode @ electrolyte
\ : 7 reservoir 0’
Bottom ————— Acrylic body

Figure 2-1: Device for extracting DNA from whole blood. (A) Device materials and construction. The device is constructed from
various layers of acrylic, PCR tape, and several different paper membranes. The device is designed for an input sample volume of
33 uL of whole blood. (B) Schematic of assembled device, showing the glass fiber membrane reservoirs for ITP buffers. (C) Image

of an assembled device.

I pipette 20 pL of proteinase K (P8107S, New England Biolabs, USA) onto the exposed Fusion 5
sample pad and desiccate the device for 20 minutes at room temperature to dry the membrane in a small
laboratory desiccator. I then place a spade-shaped 0.765 ¢cm? Vivid GR plasma separation membrane (Pall
Corp., USA) into contact with the sample pad portion of the Fusion 5 ITP membrane. A separate piece of
laser-cut acrylic (referred to as the blood filtration fixturing) is placed over the Vivid membrane. The blood
filtration fixturing has several holes cut through for sample addition and a shallow laser-rastered relief on

the downwards-facing side which provides an optimized compressive contact force with the Vivid
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membrane. Lastly, a piece of PCR tape is placed over the blood filtration fixturing and is wrapped around

and attached to the sides of the acrylic body to hold the fixturing in place.

2.2.2 Reagents and Chemistry

The ITP system leading electrolyte consists of 250 mM HCI (H1758, Sigma, USA) and 375 mM
Tris (93362, Sigma, USA) at a calculated pH of 7.8. The trailing electrolyte consists of 25mM serine
(84959, Sigma, USA) and 25mM Tris at a calculated pH of 8.7. Using these buffers, proteinase K is
positively charged in the system due to its high isoelectric point (pH 8.9),'3? allowing the ITP system to
separate it from the negatively charged nucleic acids as it will migrate in the opposite direction (towards
the anode).!* Isotachophoresis simulations were performed using SPRESSO to estimate local pH along the

Fusion 5 membrane.''> SPRESSO conditions and settings used are shown in Table 2-1.

Table 2-1: SPRESSO simulation inputs and parameters used to guide isotachophoresis system design.

Input/Parameter Values
0.375 M Tris Valence = 1, Mobility = 29.5¢-9, pKa = 8.06
Leading electrolyte composition
0.250 M HCI Valence = -1, Mobility = 7.91e-8, pKa = -2
0.025 M Tris Valence = 1, Mobility = 29.5¢-9, pKa = 8.06
Trailing electrolyte composition
0.025 M Serine Valence = -1, Mobility = 34.3¢-9, pKa =9.33
Analyte composition 0.010 M DNA Valence = -1, Mobility = 40e-9, pKa = 6.8
Current 2.5 pA
Domain Length 30 mm
Channel Shape D Shape
Dim. 1 20 mm
Dim. 2 50 mm
Injection point 15 mm
Injection width 2.2 mm

The target DNA is diluted to various concentrations in low-EDTA TE buffer (VWR, USA) and

stored at -20 °C. The target DNA used is a synthetic strand (200 base pairs), detailed in Bender et al.'® and
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derived from the proviral HIV DNA pol gene. Primers and probes used were adopted from Boyle ef al.'” I
use a 70 base pair oligonucleotide labeled with Alexa Fluor 488 to fluorescently monitor ITP plug location
and progression. Full nucleotide sequences are listed in Table 2-2. All oligonucleotides were purchased

from Integrated DNA Technologies (USA).

Table 2-2: Sequence information for abridged pol target and RPA primers, probe, and tracking DNA

Description Sequence (5’ - 3°)
AGGCTGAACATCTTAGGACAGCAGTACAAATGGCAGTATTCATTCAC
Abridged pol target AATTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGAGCAGGGGAAA
dsDNA (200 bp) GAATAGTAGACATAATAGCAACAGACATACAAACTAGAGAACTAGGTT

GAGAAATTAGAAAAGTTGAATATGTTAGGGTTTATTACAGGGACAGCA GAGATCCACTT

Forward primer (34
TGGCAGTATTCATTCACAATTTTAAAAGAAAAGG

bp)
Reverse primer (34
bp) CCCTAACATATTCAACTTTTCTAATTTCTCAACC
P
TGCTATTATGTCTACTATTCTTTCCCC[T(FAM)]GC-[dSpacer]C-[T(BHQ
Probe (48 bp)
1)]GTACCCCCCAATCCCC-SpacerC3
Tracking dsDNA [AF488]TCTATCTGGCATGGGTACCAGCACACAAAGGAATTGGAGGAAATG
(70 bp) AACAAGTAGATAAATTAGTCAGTGC

I use off-device RPA to validate the presence of target DNA in the extracted sample after ITP. I
use the TwistAmp exo kit from TwistDx (GBR) and follow standard operating procedures. The mastermix
includes a lyophilized RPA-exo pellet, rehydration buffer, probe (120 nM), and primers (420 nM).
Magnesium acetate (18 mM final concentration) is added to the reaction tube lid and introduced into the
reaction via manual agitation immediately prior to incubation. A higher concentration of magnesium acetate
than typically used (14 mM) is chosen to compensate for any residual EDTA that might be present in the
ITP eluate (as the blood samples used contain K;EDTA as an anticoagulant). The total RPA reaction volume
is 50 pL. A T16-ISO instrument (TwistDx, GBR), set at 39 °C, amplifies and detects the DNA target via
continuous fluorescence monitoring. After 4 minutes of incubation, I remove and agitate the tubes by hand
to further mix reagents and then reinsert them back into the T16-ISO for an additional 16 minutes.
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2.2.3 Data Collection

Real-time epifluorescence imaging of the ITP system is performed to determine the plug location
and ITP progression, visualized by Alexa Fluor 488 labeled tracking DNA. An AZ100 microscope (Nikon,
JPN) was used with a 0.5X objective, a 488 nm excitation and 518 nm emission filter cube set (Omega
Optics, USA), and a 16-bit cooled CCD camera (Cascade 512B, Photometrics, USA). Grayscale images of

the evolution of the ITP system are captured every 1 second for 20 minutes.

I quantify the extraction efficiency of the ITP system by comparing the bulk fluorescence of the
fluorescently labeled tracking DNA to the plug region after extraction. The baseline value is established by
pipetting 1 pL of 1 uM fluorescently labeled tracking DNA onto a region of Fusion 5 membrane and
measuring the integrated fluorescence over that region via ImageJ. The fluorescence in the focused ITP
plug is determined by integrating the fluorescence in a region of interest around the plug. The images are
corrected for background by selecting a region of the Fusion 5 strip far from the tracking DNA to reduce
any effects of autofluorescence of the membrane and/or PCR tape. I repeated this process for a total of 6
individual trials and the average experimental integrated fluorescence is divided by the average baseline

integrated fluorescence to estimate the extraction efficiency of the system.

A T16-ISO instrument is used for RPA incubation and real-time fluorescent measurement. Real-
time fluorescence values of the RPA reactions are recorded every 8-10 seconds. For comparison of the
amplification reactions, I normalize fluorescence intensity values by subtracting the absolute intensity

measured at 45 seconds, at which time fluorescence values have typically sufficiently stabilized.

2.2.4 Device Operation

Figure 2-2 shows the operation of the device. A freshly constructed device is used for each

experiment. The undiluted whole blood sample is first pipetted onto the Vivid plasma separation membrane.
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The sample consists of 33 uLL human whole blood (K,EDTA, BiolVT, USA), 1 uL target DNA at various
concentrations, and 1 pL of 1 pM fluorescently labeled tracking DNA. This sample volume is chosen to
comply with the Vivid membrane manufacturer’s processing recommendation of 40-50 pL blood per square
centimeter of membrane. Preliminary experiments showed that plasma extraction efficiency decreases
rapidly as the sample volume applied deviates from this recommendation. Both the target DNA and
fluorescently labeled tracking DNA are added to the whole blood sample immediately before sample
loading onto the Vivid plasma separation membrane. After sample addition, I wait four minutes, allowing
blood filtration and plasma separation to occur. During this process, plasma and the target/tracking DNA
pass through the Vivid plasma separation membrane and into the underlying Fusion 5 membrane where it
rehydrates the desiccated proteinase K. After four minutes, I remove the blood filtration fixturing along
with the Vivid plasma separation membrane and cover the sample port with a small rectangle of PCR tape,
ensuring a good seal near the sample pad to prevent evaporation and contamination. I find that it is necessary
to remove the blood fractionation fixturing and Vivid membrane as if they are not removed, the red blood
cells (or potentially hemoglobin) migrate laterally through the Vivid as the electric potential for ITP is
applied to the system. The ITP buffers effectively saturate the Vivid membrane, allowing the red blood
cells to move and migrate laterally through the upper, larger pores of the Vivid. The RBCs/hemoglobin
eventually migrate out of the Vivid and onto the underlying ITP strip in the direction of the cathode, and
are focused within the ITP plug. Initial experiments that aimed to prevent this lateral migration within the
Vivid included heat-sealing/sintering the edge closest to the LE to completely close the pore structure of
the polymer membrane through the application of heat and pressure, similar to that shown in Hin et al.,'®
though these efforts ultimately proved to be unsuccessful (shown in the Appendix A.1). It is likely that this
method is feasible, though requires more precise application of heat and pressure parameters. I also
investigated various methods of wax deposition to create hydrophobic barriers within the Vivid membrane,

but found that standard methods of wax deposition (i.e. ColorQube wax printers) significantly affected the
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Vivid membrane wicking properties, hypothesized to be due to contamination of the membrane by oil on

the print drum (also detailed in the Appendix A.2).

The resulting plasma rehydrates the proteinase K that subsequently digests the endogenous plasma
proteins. On-paper plasma protein digestion occurs for 15 minutes at various temperatures (22 °C, 37 °C,
and 55 °C) on a hotplate. I then add 390 pL of leading electrolyte (LE) and 320 pL trailing electrolyte (TE)
buffers to their respective glass fiber reservoirs through small holes in the cover tape. The liquid wicks into
and saturates the glass fiber and the Fusion 5 membranes. A source meter (Model 2410, Keithley, USA)

then applies 1.5 mA constant current via the titanium foil electrodes, initiating isotachophoresis.
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Figure 2-2: Device protocol to extract DNA from whole blood. (A) Initial device configuration. (B) A sample of 33 puL whole
blood spiked with target DNA and fluorescently labeled tracking DNA is dispensed onto the Vivid membrane. Blood filtration
occurs for 4 minutes, during which plasma and nucleic acids filter through to the Fusion 5 membrane. (C) After filtration, the blood
filtration fixturing and Vivid are removed, and cover tape is applied to seal the sample port. Proteolysis then occurs for 15 minutes
via the rehydrated proteinase K. (D) ITP buffers are added to their respective reservoirs. Colored zones are added for illustrative
purposes: red represents trailing electrolyte buffer while blue represents leading electrolyte buffer. (E) ITP is initiated by the
application of 1.5 mA constant current, focusing the DNA into a narrow plug which then migrates towards the leading electrolyte
reservoir. This process is monitored in real-time via fluorescent microscopy. (F) Once the ITP plug reaches the eluate port, ITP is
discontinued, and the eluate port tape is removed with the exposed portion of Fusion 5 membrane containing the ITP plug excised.
Buffer colors here are removed for clarity. (G) The excised strip is either directly to an RPA reaction or first dewatered via

centrifugation with the eluate added to an RPA reaction. (H) The RPA reactions are then incubated and recorded for 20 minutes.
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As ITP progresses, both the target and tracking DNA are focused at the ITP plug interface of the
LE and TE and migrate away from the digested plasma proteins. Once the ITP plug interface reaches the
middle of the eluate port, the eluate port tape is removed and the 5 mm exposed section of the Fusion 5
membrane containing the ITP plug is excised with an X-Acto knife. This strip is then directly added into
an RPA reaction tube immediately after the master mix has been added. The tube is then inverted several
times to mix reagents, gently tapped on a surface to ensure the strip sits near the bottom of the reaction

tube, and then placed into the T-16 ISO for amplification and fluorescence readout.

Alternatively, I dewater the strip via centrifugation and add the resulting eluate to the RPA
reactions. In this procedure, a 10 mm section of Fusion 5 strip containing the ITP plug is cut out. After
cutting the strip, I place this strip into a 0.5 mL micro-centrifuge tube that has a small opening at the bottom.
This micro-centrifuge tube is then placed in a larger 1.5 mL micro-centrifuge tube and both tubes are placed
in a centrifuge (5415D, Eppendorf, DEU) for 3 minutes at 6,000 rcf. The resulting eluate is collected at the
bottom of the 1.5 mL micro-centrifuge tube. This typically results in 10 puL of eluate containing the target
DNA and is split evenly between two RPA reactions, with 5 pL of the eluate added to each reaction. I find
that splitting the eluate into two separate reactions results in more consistent amplification, likely due to
trace inhibitor dilution. In all cases, the reaction with the poorer amplification (determined by time-to-
threshold analysis) is discarded and is not used in further analysis. A list of complete user steps and their

associated times are listed in Table 2-3.
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Table 2-3: Order of user steps and operations

Step description

Time required

1. | Add whole blood (33 pL) and target/tracking DNA sample to device ~15 seconds

2. | Blood filtration via Vivid plasma separation membrane occurs 4 minutes
Remove blood filtration fixturing and Vivid plasma separation

3. | membrane, and place a rectangular piece of PCR tape over the sample ~30 seconds
port, ensuring a good seal

4. | Plasma protein digestion occurs at room temperature. 15 minutes
Add 390 pL LE buffer to the LE glass fiber reservoir. Immediately

5. ) ~30 seconds
afterwards, add 320 uL TE buffer to the TE glass fiber reservoir.
Apply a constant current of 1.5 mA via the titanium electrodes, powering

6. | ] 10-15 minutes
isotachophoresis.
Once the ITP plug reaches the eluate port, remove the eluate port tape,

o ) ) ) ) ~30 seconds
and excise the exposed Fusion 5 membrane with an X-Acto knife.
Add the cut-out Fusion 5 membrane directly to an RPA reaction, and

8a. ) i ~30 seconds
perform RPA per the manufacturer’s instructions.
Add the cut-out Fusion 5 membrane into a 0.5 mL micro-centrifuge tube
with a small hole in the bottom, placed into a larger 1.5 mL micro-

8b. | centrifuge tube, and dewater the strip, collecting the eluate in the bottom 4 minutes
of the 1.5 mL micro-centrifuge tube. Add the resulting eluate (~10 pL)
to two separate RPA reactions (5 pL each) and perform RPA

2.2.5 Whole Blood Fractionation Optimization

into the underlying Fusion 5 during blood fractionation. To calculate the plasma extraction efficiency, I
measured the mass of the underlying Fusion 5 membrane before and after blood fractionation. I define
plasma extraction efficiency as plasma mass in the Fusion 5 membrane divided by the total plasma mass in
the sample as, 1p pxiract = Mp.rs/Pp)/Voiooa * (1 — HCT), where mp s is the mass of plasma residing in the
underlying Fusion 5 membrane after fractionation, pp is the density of human plasma, V;,,4 is the volume
of blood applied to the Vivid plasma separation membrane, and HCT is the blood hematocrit value. 1
measured the blood hematocrit value using a Hb 201+ analyzer (HemoCue, USA). I also qualitatively
investigated cell fractionation as well as quantified hemolysis. I visualized cell fractionation using a

hemocytometer (Bright Line Hemacytometer 1492, Hausser Scientific, USA) with a TMS Inverted
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I measured the plasma extraction efficiency of the target DNA through the Vivid membrane and




Microscope (Nikon, JPN). Hemolysis was measured using the Harboe method!8+183

with plasma filtered by
the device and a spectrophotometer (NanoDrop 2000, ThermoFisher Scientific, USA) and compared against

plasma that had been separated via centrifugation.

2.2.6 SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to
analyze and compare plasma protein digestion. I used 12% Mini-PROTEAN TGX precast protein gels
(#4561045, Bio-Rad, USA) and Tris/Glycine/SDS running buffer (#1610732, Bio-Rad, USA). I used the
same device as described previously, though without the blood fractionation fixturing (and without
associated blood fractionation steps) to simplify the procedure. Pooled, sterile-filtered human serum
(H4522, Sigma-Aldrich, USA) was first pipetted onto the Fusion 5 membrane sample pad region, onto
which I had previously spotted and desiccated proteinase K. I used 20 pL of proteinase K and 20 pL of
serum, which correspond to roughly the same volumes expected in the device. I then covered the sample
pad region with PCR tape, as described previously. Three different digestion temperatures were tested: 22
°C, 37 °C, and 55 °C. For experiments not at room temperature (22 °C), I placed the device on a hotplate.
I determined the proper hotplate setpoint such that the sample pad reaches the desired digestion temperature
by inserting a Type-K thermocouple (9251T93, McMaster-Carr, USA) under the sample port tape, ensuring
good contact with the sample pad. After 15 minutes, the PCR tape was removed, and the sample pad region
of the Fusion 5 membrane was cut out and dewatered in a centrifuge. I also digested serum directly in tubes
as a controlled comparison. In those experiments, I added proteinase K directly into human serum in a 1.5
mL tube and placed it into a water bath set at 55°C for 15 minutes. For both experiment types, I then diluted
the resulting serum digest to 2.5 mg/mL of protein for a total volume of 20 uL, verified using a
spectrophotometer (NanoDrop 2000, ThermoFisher Scientific, USA). The diluted proteins were added to
2x Laemmli sample buffer (S3401, Sigma-Aldrich, USA) on ice in a 1:1 ratio and immediately placed in a

boiling water bath for 5 minutes. Then, 10 pL of the final solutions were added to the gel lanes. A protein
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ladder (Precision Plus Protein Dual Color Standards #1610374, Bio-Rad, USA) was also added into the
first gel lane for comparison. Electrophoresis was performed in a Mini-Protean Tetra cell (Bio-Rad, USA)
at 200V for 45 minutes. I performed Coomassie Blue staining (Bio-Safe Coomassie G-250 #1610786, Bio-
Rad, USA) after fixing the proteins in 40% ethanol and 10% acetic acid. A Perfection V370 scanner (Epson,

JPN) was used for gel imaging.

2.3 Results and Discussion

This device is designed to simplify isotachophoretic sample preparation of nucleic acids from
whole blood. For instance, paper-based reservoirs for ITP buffers are used to minimize the risk of spillage
while loading the liquids and manipulating the device. By using an all-paper system, the sample and buffer
liquids are fully contained within the membrane matrix, and simple loading procedures can be used. The
only steps required by the user are the removal and application of various tapes and the initial dispensing
of ITP buffers. The applied ITP buffer volumes are chosen such that the initial LE/TE interface is naturally
located at the sample pad region, resembling a traditional finite injection ITP scheme without the need for
carefully timed loading protocols. The paper-based architecture also allows for the integration of a plasma
separation membrane (which functions via plasma wicking into the underlying membrane) and localized
dispensing and desiccation of proteinase K, both of which would be difficult to implement in microchannel
ITP formats. The device’s processes are separated into three main areas: blood filtration/fractionation, on-
paper plasma protein digestion, and nucleic acid extraction. Although integrated, on-device amplification
has been shown by the Posner Research Group previously,'® I chose to focus on integration and upstream

sample preparation in this work, using off-device amplification for device validation.

Blood fractionation is important in many blood-based NAAT applications, particularly HIV viral
load monitoring, to remove potent amplification inhibitors such as hemoglobin® and to remove sources of

proviral DNA (e.g. white blood cells). Many current POC NAAT platforms use cell-free plasma sample
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and require an initial blood centrifugation step.*® In this device, erythrocytes and leukocytes are trapped by
and remain in the integrated Vivid plasma separation membrane, resulting in cell-free plasma in the
underlying membrane. Previous publications have shown Vivid membrane integration into various devices,
with plasma extraction efficiencies ranging from 25-80%.°!:164183.186-188 The manufacturer, Pall, reports
>80% plasma extraction efficiency in their marketing materials. I achieve a plasma extraction efficiency of
72 £ 6.8 % (n=9) when I place the Vivid plasma separation membrane passively on top of the Fusion 5
membrane with no additional fixturing. I refer to this as the “standard configuration™ or “unoptimized

configuration” and illustrate this in Figure 2-3.

By adding the blood filtration fixturing which applies a compressive force between the separation
membrane and the underlying Fusion 5, I achieve 88 + 4.4 % (n=5) plasma extraction efficiency.
Optimization of the rastered relief section is required in the blood fixturing design, as too little of a relief
(i.e. more compressive force) results in increased hemolysis, while too much of a relief does not provide
enough compressive force and overall extraction efficiency decreases (data not shown). Free hemoglobin
in the filtered plasma was measured as 3.89 + 0.86 mg/dL (n=4), well within normal reported plasma free
hemoglobin levels.' Free hemoglobin in plasma obtained via centrifugation was measured as 1.86 +0.10
mg/dL (n=4). Hemocytometer images showing whole blood before and cell-free plasma after filtration are

shown in Figure 2-4.
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Figure 2-3: Schematic of blood fractionation/filtration process. The standard configuration represents an assembly in which the
Vivid plasma separation membrane is simply placed on top of the Fusion 5 membrane underneath. I achieve a plasma separation
efficiency of 72% (+6.8%, n=9) with this configuration. The optimized configuration represents an assembly in which an additional
acrylic fixturing (blood filtration fixturing) is added on top of the Vivid membrane. This fixturing applies a compressive force to
the Vivid, ensuring sufficient contact with the underlying Fusion 5 membrane. I achieve a plasma extraction efficiency of 88%

(+4.4%, n=5) with this configuration.

Figure 2-4: Hemocytometer images of whole human blood , before and after fractionation via the integrated Vivid plasma
separation membrane. (A) Whole human blood that has been diluted 200 times with PBS. (B) Undiluted filtered plasma that has

been centrifuged from the Fusion 5 membrane after filtration. No cells are visible.
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I find that protein digestion is necessary for successful isotachophoretic extraction of nucleic acids
from filtered plasma/serum samples. This is in agreement with other studies, which performed some form
of protein digestion/degradation prior to extraction.!0#10%126.190.191 A" common explanation for this
requirement is that target nucleic acids and large proteins form complexes which modify the electrophoretic
mobility of the nucleic acids, impeding migration and extraction. The majority of isotachophoretic
extractions to date have used tube-based protein digestion as a pretreatment step prior to sample addition
into the ITP system as a separate user step. Marshall et al. incorporated proteinase K into their trailing
electrolyte to simplify their process.!”® Bender ef al., using a paper-based ITP system, spotted a small
amount of proteinase K onto a glass fiber membrane before sample addition.'® In this work, I employ a
similar procedure in which proteinase K is dispensed onto a membrane prior to sample addition. To better
understand this process, I performed sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) to visualize protein digestion. Figure 2-5 shows several SDS-PAGE gels showing the results of this

digestion process, at varying proteinase K concentrations and conditions.

While most traditional protein digests are performed over several hours, I chose to limit the
digestion time to 15 minutes in order to reduce the overall protocol time, more consistent with point-of-
care applications. In Figure 2-5, Lane 2 shows undigested human serum. The large band for albumin is
visible between the 50 kDa and 75 kDa. Lane 3 represents a typical digestion buffer for DNA extraction
(50 pg/mL proteinase K and 0.5% SDS) with the digestion performed in a tube in a water bath at 55 °C.
The dark albumin band looks to be completely digested, with many digestion products visible between 37

kDa and 25 kDa.

If this same buffer (proteinase K and SDS) is used with the on-paper protocol in desiccated form,
the digestion looks similar to (or even slightly worse than) on-paper digests performed with only proteinase
K (detailed more in Figure 2-6A). Lanes 4-7 show digestions with various concentrations of proteinase K
only, performed in a tube in a water bath at 55 °C. The completeness of digestion increases with proteinase

K concentration, as to be expected. Lanes 8-11 are digests with the same proteinase K concentrations
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performed using the on-paper digestion protocol at 55 °C. A similar concentration-digestion correlation is
observed, though generally less overall digestion occurs compared to the tube-based digestions. I
hypothesize that the reduced effectiveness of the on-paper digestion is due to some loss of proteinase K
activity during the desiccation process. More sophisticated immobilization techniques, such as
lyophilization, may reduce this effect. Lanes 13-16 show on-paper digestion performed at 37 °C. Lanes 17-
20 are on-paper digests performed at room temperature (20 °C). I do not observe significant differences
between the three temperature conditions when performing on-paper digestion. This is consistent with
studies reporting proteinase K retains more than 80% of its activity between 20 °C and 60 °C.'*? Figure 2-5
represents a compilation of two different gels: Lanes 1-12 represent one gel, while Lanes 13-19 were
performed on a separate gel due to gel size limitations. As such, there is some inter-gel variability due to
staining/de-staining as well as inherent digestion variation, though I focus primarily on major differences

between lane band structures.

I see a slight temperature dependency when in-tube digestion is performed, though only at high

proteinase K concentrations (shown in Figure 2-6B).
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Figure 2-5: SDS-PAGE results of human serum protein digests via proteinase K. All digests were performed for 15 minutes to
limit the overall protocol timespan. Lane 1 is a protein ladder (ranging from 250 kDa to 10 kDa) and lane 2 is undigested human
serum. Lane 3 represents a commonly used digestion buffer for DNA extraction protocols, with 50 pg/mL proteinase K with 0.5%
(w/v) SDS, digested in a microcentrifuge tube in a water bath at 55 °C. Lanes 4-7 show the effect of various proteinase K
concentrations (50-1500 pg/mL) without SDS present, in a water bath at 55°C. Without SDS, the digestion is significantly
diminished, though there is a clear relationship between digestion completion and proteinase K concentration. Lanes 8-11 show
the same proteinase K concentration range using the on-paper digestion protocol at 55 °C. I see a lower digestion completion when
compared to the in-tube protocol, though the same concentration dependent relationship is present. Lanes 13-16 and lanes 17-20
show the same proteinase K concentration range, using the on-paper digestion protocol at 37 °C and 20 °C, respectively. No

significant difference is observed between the various temperature conditions.
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Figure 2-6: Additional SDS-PAGE results of various human serum digestions via Proteinase K. (A) All digests are performed for
15 minutes at room temperature (20 °C), using the on-paper digestion protocol described in the main text. Lane 2 shows undigested
human serum. Lanes 3-6 show digests performed at varying concentrations of Proteinase K. Lanes 7-10 show digests performed at
the same concentrations of Proteinase K, but with the addition of 0.5% SDS to the Proteinase K solution. Interestingly, these lanes
show slightly less digestion when compared to Lanes 3-6. (B) SDS-PAGE results of human serum digestions via Proteinase K at
various temperatures in-tube. Lane 2 shows undigested human serum. Lanes 3-5 show digests performed at 22 °C. Lanes 6-8 and
Lanes 9-11 show digests performed at 37 °C and 55 °C, respectively. All digests are performed for 15 minutes in-tube. A slight
dependency of digestion completeness on temperature is observed, with the most pronounced at higher Proteinase K concentrations

(800 pg/mL).

I then evaluated the acceptability of the digestion in this system by the ability of ITP to successfully
migrate and purify nucleic acid. Spatiotemporal maps of ITP extraction progression recorded via
fluorescence microscopy while using various concentrations of proteinase K and on-paper digestion
protocol are shown in Figure 2-7. When undigested serum is used (i.e. no proteinase K, Figure 2-7A), the

labeled DNA forms a diffuse ITP plug and does not migrate downstream (from left-to-right in Figure 2-7).
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When proteinase K partially digests the serum (i.e. 50 pg/mL and 200 pg/mL), the labeled DNA forms a

marginally concentrated ITP plug, but still fails to migrate downstream (Figure 2-7B and Figure 2-7C).
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Figure 2-7: Spatiotemporal maps of representative ITP progression with varying concentrations of proteinase K, visualized via
fluorescently-labeled tracking DNA with the on-paper paper digestion protocol. (A) When no proteinase K is used, the tracking
DNA focuses into a diffuse region and does not migrate down the length of the Fusion 5 membrane. (B) and (C) When moderate
concentrations of proteinase K are used, the fluorescently labeled DNA focuses into a concentrated plug, although the plug still
does not migrate well downstream. (D) When 800 pg/mL proteinase K is used, the tracking DNA is focused into a concentrated

plug and migrates down the length of the strip successfully.

Poor spatial migration is problematic because the target nucleic acids are not sufficiently
concentrated or spatially separated from inhibitors present in the sample. Figure 2-7D shows the ITP
migration when 800 ug/mL proteinase K is used. A highly concentrated ITP plug is formed and successfully
migrates down the entirety of the Fusion 5 membrane. Similar behavior is seen when 1500 pg/mL
proteinase K is used. The SDS-PAGE results show that large proteins are still present with proteinase K
concentrations less than or equal to 200 pg/mL. I hypothesize that these large proteins play a large role in
ITP dynamics by modifying the mobility of nucleic acids or binding to the porous membrane and increasing
the system’s electroosmotic flow. There likely lies a proteinase K concentration in this system and protocol
between 200 pg/mL and 800 pug/mL that sufficiently digests the larger plasma proteins and allows for
successful ITP migration and purification. I ultimately chose to use 800 ug/mL proteinase K with on-paper
digestion protocols in subsequent experiments. A time series of successful ITP progression visualized by

the fluorescently labeled tracking DNA in digested plasma is shown in Figure 2-8.
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By comparing the integrated fluorescence density of the isotachophoretic plug region to the bulk
fluorescence of the tracking DNA, I estimate that the extraction efficiency of my system is 21%. This is

comparable to other isotachophoretic systems that perform nucleic acid extraction from complex

samples.!'!?
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Figure 2-8: Images of ITP progression visualized via fluorescently labeled DNA. (A) Representation of species concentrations (1)
before and (2) after ITP. (B) ITP progression visualized via fluorescently labeled DNA. (1) The sample is initially diffuse enough
that no fluorescence is detected. (2-3) As ITP progresses, the sample concentrates into a distinctive ITP plug region. (4) The
concentrated and purified plug region migrates down the length of the membrane until reaching the eluate port, at which point the

membrane section containing the nucleic acids is cut and removed for amplification.

I present RPA amplification curves showing amplification of target DNA that has been extracted
from whole blood, shown in Figure 2-9. I show amplification for input target DNA copy concentrations of
3x10° copies/mL, 3x10* copies/mL, and 3x10° copies/mL in whole blood. These copy concentrations
correlate to input copy numbers of 10,000 copies/trial, 1,000 copies/trial, and 100 copies/trial, respectively.
I also performed RPA amplifications with target DNA diluted in whole blood directly added to RPA
reactions without processing as a control, shown in Figure 2-9A. In these experiments, 5 uL of whole blood

spiked with target DNA is added to a reaction, with the resulting amplification significantly inhibited,
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consistent with previous studies that investigated the inhibitory effect of whole blood on RPA.'*%1%3 Figure
2-9B shows results using spun-out eluate, while Figure 2-9C shows the direct addition protocol, where the
portion of Fusion 5 strip containing the ITP plug and target DNA is added directly to the RPA reaction
tubes. In both protocols, all trials successfully amplified down to 100 cps DNA/trial (3x10° cps/mL whole

blood). Trials below 100 cps DNA/trial did not consistently amplify. No template controls (NTC) did not

amplify
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Figure 2-9: Recombinase polymerase amplification curves using DNA extracted from whole human blood. Input copy numbers of
10,000 cps/trial (yellow), 1,000 cps/trial (red), and 100 cps/trial (blue) correspond to input copy concentrations of 3x10° cps/mL,
3x10* cps/mL, and 3x10° copies DNA per mL of input blood, respectively. NTC is a no template control. (A) Amplification of
unextracted DNA in whole blood, with curves severely inhibited (B) Amplification curves using spun-out eluate (n=3 for all trials).
(C) Amplification curves using the direct strip addition control (n=4 for all trials). All trials amplify down to 100 cps/trial (3x103

cps input DNA per mL of whole blood).

The direct addition trials’ amplification slopes, endpoint fluorescence values, and time-to-threshold
exhibit more variation than those of the spun-out eluates. I believe this is partially due to the effects the cut-
out portion of Fusion 5 may have in the reaction tube, such as reduced mixing, nucleic acid or amplification
enzyme loss due to non-specific binding with the membrane, or sensor/excitation beam obstruction of the
T16-ISO. Strip effects are particularly apparent when the reaction tubes are removed, agitated, and placed
back into the T16-ISO at the four-minute mark. Significant deviations in normalized fluorescence

immediately after replacement of the tubes are observed, presumably due to the strip being repositioned
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into or out of the excitation beam path during agitation and altering the measured fluorescence. This can be
seen in several trials (e.g., 1,000 cps DNA in Figure 2-9C) where the normalized fluorescence is negative
for a portion of time immediately after the tubes are returned to the readout machine. In preliminary
experiments, | found that larger sections of Fusion 5 strip introduced into the RPA reactions had an even
greater effect on fluorescence measurements, resulting in drastically different initial fluorescence values. I
chose to use a 5 mm x 3 mm section of Fusion 5 to introduce the ITP plug and target DNA into the RPA
reaction, though smaller strip areas may further mitigate strip-related interference. Other solutions may
include removing the strip prior to amplification (i.e. dipping the strip into the reaction buffer) or a small
insert that holds the strip away from the excitation beam path of the T16-ISO yet still in contact with the
reaction volume. Other sources of variability (such inconsistent mixing, reagent degradation, inhibitor

presence, etc.) may be controlled for by the inclusion of an internal positive control, similar to Rohrman et

194 195

al.””* or Gregory et al.

2.4 Towards Integration of RNase Inactivation Chemistries for the Sample

Preparation of Viral RNA

The described device represents a novel strategy and method for successful extraction and
purification of target DNA from whole blood samples, while sample preparation for bloodborne RNA
viruses, such as HIV, necessitates several additional considerations. The seemingly minor detail of RNA-
vs. DNA-based targets significantly complicates sample preparation, as RNA molecules are significantly
more prone to degradation compared to DNA. This susceptibility towards degradation can be primarily
attributed to the hydroxyl group located at the 2’ location on the ribose sugar in RNA. This hydroxyl group
is reactive and can be easily hydrolyzed, ultimately breaking the phosphodiester bond in the sugar-
phosphate backbone.'”® By contrast, DNA has a non-reactive hydrogen atom at this location. While this

hydrolysis can occur passively (e.g. non-catalyzed), it is often facilitated by RNase enzymes: a family of
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ubiquitous enzymes that degrade RNA molecules very efficiently. RNases are readily found in most
environments and are the main reason for many laboratory precautions when working with RNA samples.!*’
RNases are present in biological specimens and are at particularly high concentrations in blood-based
samples including whole blood, serum, plasma, or derivatives.*'” Tsui et al. showed that over 99% of
exogenous RNA added to human plasma becomes non-amplifiable via PCR after only 15 seconds of contact
time, illustrating the high turnover efficiency of these enzymes.'®” RNases are also extremely hardy,
resisting thermal deactivation and more common enzymatic deactivation protocols.!*® Chemicals used in
traditional sample preparation (e.g. guanidinium thiocyanate, B-mercaptoethanol, sodium dodecyl sulfate)
completely denature protein structures, rendering RNases inert, though these chemicals are inherently
incompatible with subsequent amplification, necessitating multiple wash and centrifugation steps. These
chemical agents are also incompatible with ITP-based separations due to their high concentrations (typically
6M guanidinium hydrochloride 200-300 mM B-mercaptoethanol, 0.5 — 0.1% sodium dodecyl sulfate) and

similarity in electrophoretic mobility to nucleic acids.

Previous work has shown ITP-compatible RNase inactivation and subsequent ITP-based extraction
of HIV RNA from HIV+ serum samples.*®!% This work leveraged a wide-spectrum protease (proteinase
K), detergent (SDS), and disulfide bond reducer (dithiothreitol) to denature and inactivate endogenous
RNase enzymes in serum. These reagents also function as lytic agents, lysing virions and freeing the
genomic RNA. In these works, tube-based incubations of serum samples with RNase inactivation
chemistries for 15 minutes at 65 °C were performed to lyse virions and inactivate RNases prior to ITP-
based extraction, requiring several pipetting steps to transfer and mix reagents and samples. In this section,
I describe the development of dried and lyophilized RNase inactivation chemistries for integration onto

paper membranes for eventual viral RNA extraction via the described ITP-based device.

In addition to the work described earlier in this chapter, several other works have shown the
integration and drying of various chemical reagents into paper-like membranes for point-of-care diagnostic

applications. These reagents have included amplification reagents and/or lytic agents.'#”1%%19° This strategy
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is advantageous as the reagents are often rehydrated by the sample itself when it is introduced to a device,
removing any manual pipetting, mixing steps, or separate reagent storage. Methods for reagent deposition
can range from simple air drying (leveraged previously in this chapter) to more complicated lyophilization
procedures. The chosen drying/incorporation method is extremely reagent specific, particularly with
enzymatic reagents. This is primarily due to the strong form-function relationship of enzymes. Many
enzymatic structures are stabilized by hydrophilic and hydrophobic interactions between constituent amino
acid groupings in aqueous environments, with more hydrophobic amino acids folding towards the center of
the protein and more hydrophilic groups located on the exterior. In some cases, as the liquid phase is
evaporated to dry reagents onto membranes, the resulting lack of hydrophilic/hydrophobic interactions
leads to the unfolding of enzymes, effectively inactivating them.?*® Many enzymes (such as polymerases
and reverse transcriptases) have been specifically designed to be more robust and are marketed as air-
dryable. Additional excipients are often included in these mixes, such as various saccharides molecules
which help thermodynamically stabilize the enzymes in dried form.>® In these air-dryable systems, the
reagents are simply deposited on the membranes with the water subsequently evaporated off (typically
using an oven or desiccator). Lyophilization, or freeze-drying, is another common dehydration method. In
these systems, the reagents are deposited and then frozen in the membrane, after which the ice is then
sublimated away. Various sugars (e.g. sucrose, trehalose, mannitol, etc.) are almost always included for
lyophilization as they form an amorphous glass-like solid that helps stabilize enzymes during the
sublimation process.””! Lyophilization is often considered the “gold-standard” method for reagent
deposition as even the most sensitive enzymes can often be lyophilized into a stable powder form. However,
the process requires large and expensive lyophilizers, as well as significant knowledge on appropriate
excipient combinations/ratios and specific processing steps that are often considered to be closely-guarded

trade secrets.
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2.4.1 Lyophilization

Lyophilization is typically performed in three distinct stages: freezing, primary drying, and
secondary drying.?%? The first stage, freezing, lowers the temperature of the sample until the water present
in the sample has thoroughly solidified, undergoing ice nucleation and ice crystal growth. During primary
drying, the pressure is reduced below the vapor pressure of ice with a small amount of heat then added to
drive sublimation of ice into the vapor phase. After primary drying, small amount (10-20%) of residual
water moisture often remains in the sample.?® In secondary drying, the low pressure is maintained while
the temperature is raised (usually between 10-50 °C) to drive off this final moisture, resulting in a

thoroughly dry and stable lyophilized product.

The method and rate of freezing can have significant impacts on subsequent processing parameters
and sample stability, and this stage greatly contributes to final sample characteristics. Freezing methods are
usually described as slow-freezing (e.g. freezing the sample overnight in a -20 °C freezer) and flash- or
fast-freezing (e.g. dipping the sample in liquid nitrogen). During slow-freezing processes, the kinetics of
ice nucleation and crystal growth will favor larger, but fewer ice crystals, while flash-freezing produces

201

many smaller ice crystals.””" Larger crystals are often advantageous for primary drying, as this results in

less tortuous paths for water vapor to escape. Smaller crystals result in more difficult path for water vapor

204 This concern

to escape, significantly extending primary drying times which can be on the order of days.
is more important in vial-based lyophilization, where there may be a significant thickness/height of initial
solution and the ratio of free-surface area to volume of frozen sample is relatively small (e.g. vapor
molecules from ice crystals at the bottom of a vial have large mean escape paths). This is likely less
important when lyophilizing samples directly onto paper-like membranes, where the free-surface area to
volume is relatively high (and water molecules have small mean escape paths). Slow-freezing methods
extend the contact time between various sample species, some of which may react with each other. During

the crystal growth stage of ice formation, solvent water is continually being removed from the system (as

it is being “sequestered” within the solid ice being formed), resulting in the effective concentration of all
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solutes present in the sample which may further increase reactivity.?** It is important that the sample and
all constituents are completely frozen prior to advancing to primary drying. Often, enzymes will be stored
in some percentage of glycerol, which can prevent complete freezing. This typically necessitates the use of
glycerol-free enzymes, which may or may not be readily available. Ultimately, the method, time, and

temperature used in the freezing step is extremely sample and final form-factor dependent.
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Figure 2-10: Temperature and pressure profiles from an investigatory lyophilization run. The product temperature is measured by
several thermocouples placed in tubes containing reagents to be lyophilized. The three stages (freezing, primary drying, and
secondary drying) are shown, with (A) freezing and (B) primary drying detailed. (A) During the freezing stage, the shelf
temperature gradually decreases to the setpoint of -40 °C. The product temperature decreases as well, with the sharp increase in
temperature near -10 °C indicative of exothermic product freezing. After complete freezing, the product temperature decreases
until it reaches the shelf temperature. During primary drying in (B), the shelf setpoint is raised to -10 °C while the pressure is
reduced below the vapor pressure of the ice. This increase in heat drives sublimation of the solid ice. As the shelf temperature
increases, the product temperature increases as well, though the product temperature is lower than the shelf temperature due to
endothermic sublimation. Once the majority of sublimation has occurred, the product temperature reaches the shelf temperature
and primary drying is considered completed. Note that in this experiment, the primary drying phase extended far past what was
likely required, though this extended primary drying should not adversely affect product quality. Finally, in secondary drying, the

shelf temperature is increased to 20 °C while keeping the pressure low to further drive off any residual water content.
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During primary drying, the pressure in the lyophilizer is lowered below the vapor pressure of ice,
while the shelf temperature is raised to supply heat to drive ice sublimation. In manifold lyophilization, the
ambient environment provides the necessary heat of sublimation. This stage requires the longest time and
is often targeted for optimization to reduce lyophilization cycle runtimes. Typical pressures used are 50-
200 mTorr, while the shelf temperature is dictated by the sample being lyophilized. It is advantageous to
use as high of a shelf temperature as possible, as each 1 °C increase in temperature will reduce the amount
of time required to complete primary drying by as much as 13%.2°? It is important to keep the shelf
temperature below the product collapse temperature (T¢), which is the temperature at which the product
loses mechanical stability and collapses, and is often very close to the eutectic or glass transition
temperatures of the sample.?”> Determining the endpoint of primary drying can be challenging; the most
accessible method is often to measure the temperature of the sample/product throughout the lyophilization
run, though other methods, such as manometric temperature measurement, which measures the vapor
pressure in the lyophilizer can also be used (though this requires additional equipment).?%> As sublimation
is an endothermic reaction, the sample temperature will be lower than the shelf temperature as sublimation
progresses; once the sample temperature reaches the shelf temperature, it is assumed that sublimation has

finished.

When primary drying is completed, there is still significant residual moisture present in the sample.
(10-20%).2°* To drive off this residual moisture, the shelf temperature is raised to 10-50 °C while keeping
the chamber pressure low. The main purpose of this secondary drying is to further lower the residual
moisture content of the sample to less than 1%. Determining the proper processing conditions (i.e. time and
temperature) for secondary drying can be difficult, requiring repeated gravimetric measurements of the

sample throughout the drying process.?%

Production-scale lyophilization must also take into consideration the condenser capacity, as the
sublimation of ice can overwhelm these systems if significant sample volumes are used, though in research

scale runs this is rarely an issue. Various other preliminary investigatory processes, such as differential
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scanning calorimetry, are often used to better understand the various critical temperatures of the sample
(such as eutectic and glass transition temperatures). These temperatures then dictate temperatures used in
the lyophilization process. Lyophilization success is often determined by visual appearance of the resulting
cake (for tube- and vial-based formats), residual water content, and stability/effectiveness of the product

after storage.?”’

In this sub-section, I show the integration and lyophilization of ITP-compatible RNase inactivation
chemistries into paper-like analytical membranes. I detail the development of the lyophilization procedure
and show that as serum is added to the paper membrane and incubated at 65 °C for 15 minutes, RNase
inactivation chemistries are rehydrated, completely inactivating and eliminating the baseline RNase activity
of serum. This is an important step towards an integrated point-of-care device for the isotachophoretic

extraction of HIV RNA from HIV+ serum samples.

2.4.2 Air-Drying and Lyophilization Procedures

RNase inactivation chemistries included sodium dodecyl sulfate (71725, Sigma-Aldrich, USA),
proteinase K (AM2546, Thermo Fisher Scientific, USA), and dithiothreitol (D9779, Sigma-Aldrich,
USA). I tested trehalose (T0167, Sigma-Aldrich, USA), mannitol (M4125, Sigma-Aldrich, USA), and

Lyophilization Reagent (2X) (OPS Diagnostics, USA) as lyoprotectants.

In all experiments, Fusion 5 (GE Healthcare Life Sciences, USA) is used as the primary membrane.
I first block the membrane with 1% bovine serum albumin and 0.01% Triton-X 100 ( Sigma, USA) for 15
minutes and then dry the membrane for 1 hour in a desiccator at room temperature. I then back the
membranes with PCR tape (TempPlate RT Select Optical Film, USA Scientific, USA) and use a plotter-
cutter (FCX4000-50ES, Graphtec America, Inc., USA) to cut the backed and blocked membranes to 18 mm
diameter circles designed in AutoCAD (AutoDesk Inc., USA). This diameter of Fusion 5 corresponds with

an absorption capacity of 100 pL.
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The RNase inactivation chemistries are pipetted onto the blocked and backed Fusion 5 membrane.
In air-drying experiments, the membrane is desiccated for 3 hours at room temperature. In lyophilization
trials, various excipients are also added to the RNase inactivation chemistries before pipetting: trehalose,
dextran, mannitol, and a proprietary mannitol-based lyophilization reagent (OPS Diagnostics, USA). In
lyophilization screening experiments, 100 uL of RNase inactivation chemistry and excipients are added to
the 18 mm diameter blocked and backed Fusion 5 membranes. I then place the membranes immediately
into a -80 °C freezer to fast-freeze the reagents for 15 minutes, and then transfer them into a prechilled
lyophilizer set at -40 °C (AdVantage Pro, SP Scientific, USA). The lyophilizer is programmed with the

protocol shown in Figure 2-11.
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Figure 2-11: Lyophilization procedure for RNase inactivation reagents on Fusion 5 membranes. Membranes are flash-frozen in a

-80 °C freezer before being placed in the lyophilizer (which is prechilled to -40 °C).

2.4.3 RNase Activity Assay

I use the RNase Alert Assay (Integrated DNA Technologies, USA) to measure the level of RNase
activity of serum (and the efficacy of RNase inactivation chemistries). This assay uses short RNA
oligonucleotides onto which a fluorophore and quencher are conjugated to opposite ends. While the oligo
strand is intact, the fluorophore is quenched, and the assay does not fluoresce. When RNases are present in

the assay, the RNA oligo stands are cleaved and the fluorophores produces measurable fluorescent signal,
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recorded by a fluorometer in real-time with the rate of fluorescence increase proportional to RNase activity.

The assay mechanism is shown in Figure 2-12.

Quencher

RNA strand

e =@ s TITITT

Increasing RNase activity

RNase Enzyme (quenched)

Figure 2-12: RNase Alert assay mechanism. The RNA oligonucleotide is initially intact, confining the conjugated fluorophore and
quencher in near proximity to each other, resulting in no fluorescence. If RNase activity is present, the oligo is cleaved by an RNase
molecule, and the quencher and fluorophore are free to drift, and the fluorophore is no longer quenched, producing a measurable

fluorescent signal which is proportional to RNase activity.

First, 100 pL of pooled, sterile-filtered human serum (H4522, Sigma-Aldrich, USA) is pipetted
onto an 18 mm diameter Fusion 5 membrane impregnated with various RNase inactivation chemistries
(either air-dried or lyophilized). I seal the membrane against a glass slide with PCR tape and incubate it on
a hotplate set at 65 °C for 15 minutes. The tape is then removed and the membrane placed into a 0.5 mL
micro-centrifuge tube that has a small opening at the bottom. This micro-centrifuge tube is then placed in
a larger 1.5 mL micro-centrifuge tube and both tubes are placed in a centrifuge (5415D, Eppendorf, DEU)
for 3 minutes at 6,000 rcf to collect the treated serum eluate. I assemble the RNase Alert Assay in a lidded
96-well plate (3606, Corning Inc., USA). Briefly, 60 uL of chilled DEPC-treated water, 10 pL of each
RNase Alert Buffer and RNase Alert Substrate, and 20 pL of spun-out treated serum eluate are added to
each well. The plate is immediately lidded and placed into a plate reader (SpectraMax iD3, Molecular
Devices, USA). The plate is incubated at 37 °C for 30 minutes with agitation, and the fluorescence is
measured every 2 minutes. The excitation and emission wavelengths are set to 485 nm and 535 nm,
respectively. Each condition is tested in 5 replicates. In each experiment, I include a negative control of

DEPC-treated water, as well as a positive control of RNase A (2250G, Thermo Fisher Scientific, USA) at
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a concentration of 1.5 U/L, with the maximum fluorescence of this positive control used to normalize the
fluorescence values of each experiment. Often, a control of untreated serum is also included to illustrate the

baseline RNase activity of the sample.

2.4.4 Results and Discussion

In screening tests of RNase inactivation chemistries and deposition methods, I used the ITP-
compatible chemistries developed by Bender ef al. as an initial starting point, with a solution of 0.5% SDS,
1 mg/mL proteinase K, and 10 mM DTT.*!%® Fresh, liquid reagents mixed with serum, deposited onto a
Fusion 5 membrane, and incubated at 65 °C for 15 minutes results in complete RNase inactivation, as shown
in Figure 2-13A, given that no significant increase in fluorescence is observed in the RNase Alert Assay.
This is in agreement with previous studies.'” In contrast, untreated serum shows significant inherent RNase
activity. Interestingly, air-drying these reagents onto Fusion 5 membranes via room-temperature
desiccation results in significantly more RNase activity, even outpacing untreated serum. [ hypothesize that
this is due to the fact that while proteinase K can withstand 0.5-1% SDS, concentrations of the respective
reagents increase significantly during air-drying as the solvent water is evaporated and removed, resulting
in concentrations of SDS significantly above this threshold. Bender ef al. have shown that serum in the
presence of surfactants or detergents alone can increase endogenous RNase activity, likely due to disruption
of semi-protective protein-RNA complexes.*® As the proteinase K is likely denatured or inactivated during
the air-drying process, this likely explains the poor result. Similar loss of proteinase K function is observed
in SDS-PAGE gels of serum digested in membranes with desiccated proteinase K and SDS solutions in
Figure 2-6A in Section 2.3 . While additional excipients may reduce this effect, lyophilization was

investigated next.
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Figure 2-13: Initial screening of RNase inactivation chemistries via RNase Alert Assay. (A) Effect of air-drying RNase inactivation
reagents (0.5% SDS, 1 mg/mL proteinase K, 10 mM DTT) onto Fusion 5 membranes on serum RNase activity. Untreated serum
shows significant RNase activity, while liquid, fresh RNase inactivation reagents completely inhibit RNase activity in serum. Air-
drying these reagents onto Fusion 5 membranes increases the RNase activity of the serum, likely due to proteinase K denaturation
by increased SDS concentrations as solvent water is removed during drying. (B) Effects of lyophilized RNase inactivation reagents
(0.5% SDS, 1 mg/mL proteinase K, 10 mM DTT, 10% trehalose) in tube format on serum RNase activity. Lyophilized reagents
reduce the RNase activity of serum significantly after incubation. A difference between slow-frozen tubes vs. fast-frozen tubes is
seen, with the fast-frozen tubes (immediately placed into a -80 °C freezer after mixing) inactivating RNases more completely. This
result is hypothesized to be due to a similar SDS-proteinase K interaction as the air-drying results, where solvent water is slowly
removed during slow-freezing, with the SDS concentrations increasing and denaturing the proteinase K with long contact times.

Fast-freezing likely limits this contact time, preserving proteinase K efficacy.

Lyophilization in tube formats was used as an initial starting point. Solutions of 0.5% SDS, 1
mg/mL proteinase K, 10 mM DTT and 10% trehalose as a lyoprotectant (among other additives and
lyoprotectants) were lyophilized. Good cake formation was observed for the majority of tubes/solutions
tested, though several exhibited collapsed cakes (shown in Figure 2-14). Various processing parameters
were altered and tested, including the freezing rate of the tubes. I observed a significant decrease in RNase
activity with serum treated with tubes that were frozen slowly (i.e. ramped down from ambient to -40 °C
over the course of 2 hours) and then lyophilized, though not to the extent of fresh reagents. When the RNase
inactivation solution was fast-frozen (i.e. placed immediately into a -80 °C freezer) and then loyphilized,
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the ability to completely inhibit RNases present in serum nearly matched that of fresh reagents. This is
shown in Figure 2-13B. I hypothesize that some loss of proteinase K efficacy occurs via increasing
concentrations of SDS in the slow-freeze tubes, as the solvent water is slowly sequestered into the solid ice
being formed (in a similar mechanism to the hypothesized loss of proteinase K efficacy seen in air-dried
experiments). By fast freezing the tubes, the SDS (and/or DTT) has little time to interact with the proteinase

K, maintaining its potency.

Figure 2-14: Example of lyophilized RNase inactivation chemistries in tubes as preliminary experiments. (A) 0.5% SDS, 1 mg/mL
proteinase K, 50 mM DTT, with 10% trehalose as a lyoprotectant. A good cake is observed, typically indicative of successful
lyophilization. (B) 0.5% SDS, 1 mg/mL proteinase K, 50 mM DTT with 10% trehalose and 2.5% mannitol as a lyoprotectant. The
product is collapsed, likely due to exceeding the product’s critical temperature during primary drying. Both tubes were processed

identically, illustrating the importance of tuning lyophilization parameters to specific sample/product constituents.

I then used the fast-freezing protocol to lyophilize the RNase inactivation chemistries onto Fusion
5 membranes. When the RNase inactivation reagents are lyophilized onto bare, untreated Fusion 5 test
circles (with 10% trehalose as a lyoprotectant), no reduction in the RNase activity of serum is observed
(shown in Figure 2-15A). However, when the Fusion 5 is blocked (with 1% BSA and 0.01% Triton X-100)
and backed with PCR tape, the RNase activity of treated serum is significantly reduced. This is likely

explained by some reagents adsorbing to the glass fiber matrix in the untreated Fusion 5, while these sites
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are blocked when the Fusion 5 is treated with BSA. Some residual RNase activity remains with these
modifications. As the RNase inactivation chemistry concentrations are slightly increased to 0.7% SDS, 2
mg/mL proteinase K, and 50 mM DTT, RNase activity is completely eliminated (Figure 2-15). I find that
choice of lyoprotectant does not have a significant effect on RNase inactivation, though minor differences
and ease of use lead me to use the OPS Lyophilization Solution, a proprietary mannitol-based solution

designed for lyophilization.
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Figure 2-15: Efficacy of lyophilized RNase inactivation chemistries on Fusion 5 membrane on the RNase activity of serum. (A)
Effects of backing and blocking Fusion 5 membranes prior to lyophilization of RNase inactivation reagents (0.5% SDS, 1 mg/mL
proteinase K, 10 mM DTT, 10% trehalose). Lyophilizing these reagents onto untreated (bare) Fusion 5 does not reduce the RNase
activity of serum. The RNase activity is significantly reduced when the Fusion 5 is blocked with 1% BSA and 0.01% Triton X-100
and backed with PCR tape prior to the addition and lyophilization of the RNase inactivation chemistry. (B) Effects on serum RNase
activity of with increased concentrations of lyophilized RNase inactivation chemistry (0.7% SDS, 2 mg/mL proteinase K, 50 mM
DTT) with various lyoprotectants onto blocked (with 1% BSA and 0.01% Triton X-100) and backed (with PCR tape) Fusion 5
membrane. The native RNase activity of serum is effectively eliminated after incubation for 15 minutes at 65 °C, with minimal

difference between the various lyoprotectants tested.

This further integration of RNase inactivation chemistries onto paper membranes is an important
step towards a comprehensive ITP-based nucleic acid amplification test device. These reagents are stable

in dried format and can be rehydrated upon sample addition. The eventual goal of this work is further

66



integration into the previously described device, with the RNase reagents lyophilized onto the sample pad.
This will require adjustment of the ITP system itself (LE, TE, applied voltage, etc.), as the additional BSA
blocking and PCR tape backing affect isotachophoretic dynamics. As an example, in preliminary
experiments, the addition of the BSA blocking resulted in significant reduction in electro-osmotic flow
(EQF), leading to poor focusing and extraction of the target. It is common for ITP-based systems to require
adjustment and recalibration as the sample characteristics change. Another area of necessary investigation
is the interaction between the lyophilized RNase inactivation chemistries and the blood fractionation
module/process. During early experiments of depositing alternative lysis chemistries (primarily proteinase
K and Triton-X 100) onto the underlying Fusion 5 membrane, I found that these once these chemistries
were rehydrated by the cell-free plasma, they would diffuse into the Vivid and lyse the trapped red blood
cells, resulting in significant hemolysis and pass through of hemoglobin into the underlying membrane
(shown in the Appendix A.3). It is unknown whether the RNase inactivation/lysis chemistries described
here (i.e. proteinase K, SDS, and DTT) would have similar effects or if white blood cells (theoretically
containing proviral DNA) would be affected, though this is an area of necessary investigation for further

device integration.

2.5 Summary

In this chapter, I describe a paper-based nucleic acid amplification sample preparation device and
protocol for the isotachophoretic extraction of target nucleic acids from whole human blood in under 30
minutes. A 33 pL volume of whole blood mixed with target nucleic acids is first fractionated and filtered
via an integrated plasma separation membrane, achieving 88% plasma extraction efficiency. This device
directly processes whole blood, thereby eliminating preliminary blood fractionation or dilution steps that
are typically required for POC NAATSs and ITP systems.®® I process 33 pL of whole blood, a full order of
magnitude larger volume than previous microfluidic ITP devices have reported.!*!”> Using large volumes

of undiluted initial samples is important in applications in which low detection limits are required, such as
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HIV viral load monitoring, as many devices are volume-limited and dilution significantly decreases the
number of total target nucleic acids present in the device. On-paper plasma protein via proteinase K reduces
the average size of the plasma proteins and allows for successful isotachophoretic extraction of the target
nucleic acids. I use paper-based isotachophoresis to concentrate the target nucleic acids and separate them
from amplification inhibitors present. The device presented here minimizes the number of user steps and
sources of error by utilizing paper-based ITP buffer reservoirs and the self-filling characteristics of porous
membranes, eliminating the need for more complex filling protocols. I then perform off-device RPA
detection of the purified target nucleic acids by cutting out the portion of Fusion 5 membrane that contains
the ITP plug and adding the membrane section directly to RPA reactions. Alternatively, I dewater the Fusion
5 membrane and add the resulting liquid eluate to RPA reactions. I show successful amplification of input
copy concentrations as low as 3x10* copies of DNA per mL of input blood, corresponding to 100 cps/trial.
These concentrations are well within the clinical ranges of various bloodborne infections such as HIV,
HCV, and HBV.562%8299 While this system and its current limit-of-detection are not relevant to all diseases
or conditions (such as HIV+ individuals on successful antiretroviral treatment, who have viral loads of
<1,000 cps/mL), there remains larger clinical relevancy for use in POC infectious disease testing. With
respect to HIV, there remains a significant population who are either not on antiretroviral treatment or who
have not achieved viral suppressed. Individuals with unsuppressed HIV infections may have viral loads as
high as 107 ¢cps/mL.2"° HCV viral loads can range near 103 cps/mL,?'!?!2 while HBV viral loads range from
300 to 10° cps/mL.%7 Here, I used target DNA as a step towards working with hardened targets, such as
viral or bacterial infections. To move towards that goal, I also detail the development of lyophilized RNase
inactivation reagents onto paper membranes for eventual incorporation into a point-of-care device In this
work, I show that after several modifications and adjustments, a combination of proteinase K, sodium
dodecyl sulfate, and dithiothreitol can be lyophilized onto Fusion 5 membrane and completely eliminate
endogenous RNase activity of human serum when rehydrated after a short incubation. While these

lyophilized reagents have not been further integrated into the described device yet, it is anticipated that they
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will be able to be localized onto the sample pad. These aspects of device design and lyophilization protocol
represent significant steps towards sample preparation methods for NAATSs well-suited for POC bloodborne

disease testing.
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Chapter 3: Quantitative Isothermal Amplification through

Amplification Nucleation Site Analysis

3.1 Introduction

Quantitative nucleic acid amplification tests (QINAATS) are critical tools in diagnosing infectious
diseases and quantifying target nucleic acids concentrations in biological samples. In the context of HIV
viral load testing, nucleic acid concentrations (i.e. viral load) are related to viral suppression and
transmission risk; HIV-positive individuals with viral loads of less than 1,000 copies of viral RNA per mL
of plasma have significantly better health outcomes and reduced risk of transmitting HIV to partners.?!>2!3
Recently, SARS-CoV-2 viral load measurements have been related to infectivity, with higher viral loads

being strongly correlated to cultivable virus.**% Quantification of pathogen load can be crucially important

in triaging and determining appropriate clinical care for a range of diseases.

Quantitative PCR (qPCR) is the gold standard for quantifying nucleic acids and amplifies
pathogenic nucleic acids using precise thermocycling for denaturation, annealing, and extension of
duplicated DNA. qPCR provides quantification over nine orders of magnitude relative to known quantities
of DNA in a standard calibration curve. Digital droplet PCR (ddPCR) has emerged as the most precise
method for absolute NA quantification. It leverages Poisson statistics with thousands of discrete PCR
amplification reactions to provide absolute sample quantification.’*'® ddPCR typically has lower dynamic
range than qPCR (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.*®
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HIV viral load testing using traditional gNAATS in outpatient or low- and middle-income country
clinics is challenging due to the logistics around specimen collection, transport, batched testing, and the
return of results to clinicians and patients (in addition to the aforementioned restriction to centralized
laboratories).”® In outpatient clinics, this can result in delayed diagnoses that prevent immediate linkage to
appropriate treatment or lead to loss-to-follow-up.?!*?2° Consequently, there is an unmet need to develop
inexpensive point-of-care (POC) QNAATS, particularly in low- and middle-income countries (LMIC).3"8
Isothermal amplification methods are emerging as an alternative to PCR, as they require significantly less
instrumentation and produce results much more quickly than PCR. As described in Section 1.5.2 ,
isothermal amplification techniques use novel primer designs and various enzymes for nucleic acid
replication at a single temperature of 60 °C or below without the need for thermocycling. While this
significantly reduces the necessary equipment for amplification, this also eliminates the cycle-based
amplification synchronization that allows qPCR to precisely quantify samples. This complicates sample

quantification via isothermal amplification methods.'*

In recombinase polymerase amplification assays, time-to-threshold analysis is commonly used to
approximate nucleic acid concentrations. This analysis uses the time it takes a reaction to reach a specified
fluorescence intensity threshold, similar to cycle threshold in qPCR assays. However, calibration curves
are highly dependent on target and/or subtype.!>!"!>* For instance, Abd E1 Wahed e al. developed an RT-
RPA assay for Dengue fever detection, and while quantification was not a goal of this work, they showed
time-to-threshold data across target concentrations with very little differentiation between 10* and 107
copies per reaction as all reactions amplified between 4.5 and 5.5 minutes.'! Lillis et al. showed time-to-
threshold results of an RT-RPA developed for cross-subtype detection of HIV.'>* There was a general
correlation between time-to-threshold and input copy number, though various subtypes had significantly
different amplification behaviors, with an estimated 20 copies per reaction of subtype A RNA amplifying
at nearly the same time as an estimated 9,000 copies per reaction of subtype D RNA. Quantification via

RPA is complicated by the manual chemical initiation of reactions and a highly viscous reaction chemistry
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that is sensitive to small pertubations.'*® There are currently no careful studies showing that RPA is

sufficiently quantitative for clinical applications.!%>:1%

Isothermal amplification has also been used in digital amplification schemes using individual
droplets or wells in microfluidic devices for absolute quantification of nucleic acids.?*"*?2 For instance, Li
et al. were able to precisely quantify Listeria monocytogenes DNA from concentrations of 1.3E4 to 2.9E6
cps/mL using a microfluidic device with 27,000 picoliter-sized reaction wells.??* Similar to ddPCR, these
digital methods use binary determination of amplification in each individual well or droplet combined with
Poisson distribution statistics. This approach requires that individual small aqueous reaction volumes be
generated, for example, using a microfluidic device for droplet generation in a immiscible oil carrier
phase,??* or sliding chip that compartmentalizes small volumes in wells, such as the SlipChip.??!??> These
digital isothermal amplification methods demonstrate repeatable outputs with precise and accurate
quantification, though they all require specialized chips, emulsion generators, and/or complex loading

procedures that potentially increase costs and complicate POC applications.

Paper-based POC NAATS devices have leveraged isothermal amplification within commercially
available porous substrates,!0%:143147.199.226 Thig approach has been developed with the goal of reducing test
cost and complexity as well as increasing their robustness. Much of this paper-based work has focused on
qualitative tests; however some effort has been made to extract quantitative or semi-quantitative
information about input nucleic acid concentration.!%>19819%:227 T ateral-flow readout has been used with
some success for order-of-magnitude semi-quantitative isothermal nucleic acid amplification. A range of
isothermal chemistries (RPA, 37160161 . AMP,*2822° and HDA'®%) have been amplified in tubes'®*161228 or in

membranes??%230

and then read out using lateral flow strips, with line intensity (or some ratio of line
intensities) being used to provide quantification. Very recently, tunable competitive internal controls have
been added into amplification reactions to further improve quantification, such as those shown by Hull et

al., Mancuso et al., and Rosenbohm et al,'°*'%? discussed further in Section 1.5.2 . These methods

demonstrate quantification across several orders of magnitude (the competitive internal control can be tuned
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to extend this range if multiple parallel reactions are used), though at the cost of increased assay complexity

and user steps.

Fluorescence-based assays with various isothermal amplification chemistries have also been used
in paper-based NAATs, with bulk fluorescent signals related to sample concentration, similar to traditional
tube-based assays.?%10%:147.226231.232 Thege previous works have used both liquid and lyophilized isothermal
amplification chemistries, and show correlations between bulk endpoint fluorescence and input copy
number across 4-6 orders of magnitude; however there is typically significant variation in output signal that
makes precise quantification challenging, even across orders of magnitude. As others have pointed out, this
is likely due to the sensitivity of isothermal amplification to various random perturbations and effects of
non-specific amplification products.!®" Collectively, these previous strategies fail to show adequately
precise quantification of isothermal amplification methods in low-cost paper-based devices that can be used

at the point-of-care, and warrant investigation into other, novel strategies for quantification.

In this chapter, I report a paper-based, isothermal nucleic acid amplification test that quantifies
input HIV RNA and DNA by leveraging distinct regions of fluorescent amplification products. I show that
RPA reactions in paper membranes produce discrete amplification nucleation sites and that the number of
amplification sites correlates to input NA concentrations. I develop and use image analysis algorithms to
quantify RNA and DNA in the range of 67-3,000 copies per reaction in less than 20 minutes at a constant
39 °C. I show that this method can more precisely quantify RPA reactions across HIV subtypes than
traditional tube-based time-to-threshold analysis. I demonstrate a mobile phone-based image capture
system with onboard image processing using a custom Android app, showing that this method may be well

suited for point-of-care settings, including HIV viral load applications.
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3.2 Experimental Section

3.2.1 Amplification on Membranes

RPA and RT-RPA reactions are performed on a variety of commercially available porous
membranes (Millipore GF041, Whatman GF/DVA, Whatman Fusion 5, and Millipore PES GPWP04700).
I first cut the membranes with a flatbed plotter-cutter (FCX4000-50ES, Graphtec America, Inc., USA) into
squares to accommodate a 50 pL. RPA reaction volume. Dimensions of the squares differed with respect to
each membrane’s respective water absorbency, with side lengths of 11.2 mm, 7.2 mm, 12.7 mm, and 13.4

mm, for the GF041, GF/DVA, Fusion 5, and PES membranes, respectively.

The Millipore PES GPWP04700 membrane tears when cut by the flatbed plotter-cutter, so these
membranes are cut with a CO; laser (PLS6.150D, Universal Laser Systems, USA). The low water
absorbency of the PES membrane necessitates a square pad with a 25 pL capacity to prevent an excessively

large imaging area.

Amplification pads are placed into a 60 x 15 mm polystyrene Petri dish (25384-092, VWR, USA),
and a 50 uL RPA reaction (mastermix and target) is pipetted evenly onto the pad (25 pL in the case of PES).
The amplification pad is then covered with PCR tape (TempPlate RT Select Optical Film, USA Scientific,
USA), ensuring good sealing adhesion between the PCR tape and the Petri dish. I lid the Petri dish and seal
along its edges with Parafilm M (Millipore Sigma, USA) to prevent contamination via aerosolized
amplification products. The Petri dish is placed on a resistive heater (Mr. Coffee, USA) that is set to 39 °C
using an external PID temperature controller with a Type-K thermocouple attached to the heating surface.
The reaction is imaged for 20 minutes and then the Petri dish is sealed in a plastic bag and disposed of. The

experimental process is shown in Figure 3-1.
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Figure 3-1: Process flow for amplification nucleation site quantification and analysis. (A) Recombinase polymerase amplification
mastermix and target are dispensed onto paper membrane. The membrane is covered with PCR tape and heated to 39 °C for 20
minutes. (B) Discrete amplification nucleation sites begin to form and are recorded via fluorescent microscopy. (C) The resulting
images are analyzed via an image analysis algorithm which quantifies the number of amplification nucleation sites. This value can

then be related to the original sample target concentration.

3.2.2 RPA, RT-RPA, and qPCR Conditions

In RPA experiments, I targeted synthetic DNA (gBlocks Gene Fragments, Integrated DNA
Technologies, USA) that contains 1,000 base pairs of the HIV genome (Group M, Subtype A). For RT-
RPA experiments, I targeted purified HIV RNA from HIV supernatant, prepared as described in Lillis et
al.'>* The majority of following experiments used HIV supernatant (Group M, Subtype A, NCBI accession
number: JX140650) that was received from the External Quality Assurance Program Oversight Laboratory
at Duke University,”* and extracted using QIAamp Viral RNA Mini Kits (Qiagen, DEU). The resulting
viral RNA was quantified via quantitative real-time PCR. Both target types were diluted with DEPC-treated
water to create dilution series used in establishing quantifiable ranges for amplification nucleation site
analysis. To compare the quantitative power of amplification nucleation site analysis across HIV subtypes,
I used two additional HIV supernatants: subtype B (Group M, NCBI accession number: KC59066) and
subtype D (Group M, NCBI accession number: KF716503). Viral RNA was similarly extracted with
QIAmp Viral RNA Mini Kits and quantified via real-time PCR, following the protocol shown in Rouet ef
al.?* qPCR standards were created from 500 bp gBlocks (Integrated DNA Technologies, USA) containing

the LTR gene. RNA transcripts were created from these LTR gBlocks using the MEGAscript and
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MEGAclear kits (ThermoFisher Scientific, USA), following the standard manual procedures. The resulting
transcripts were quantified via NanoDrop UV-vis spectrophotometer (ThermoFisher Scientific, USA) and

diluted in DEPC water to create standard curves.

In both RPA and RT-RPA, I use primers and probe developed by Lillis ef al. for cross-subtype HIV
detection.'™ The amplification mastermix consists of a TwistAmp exo kit lyophilized pellet (TwistDx,
GBR), 29.5 uL rehydration buffer, 14 mM magnesium acetate, 540 nM forward and reverse primer
(Integrated DNA Technologies, USA), and 120 nM exo-probe (LGC Biosearch Technologies, GBR). In
the case of RT-RPA experiments, 0.08 U/uL reverse transcriptase is added (OmniScript, Qiagen, DEU).
The TwistAmp exo kit instructions are otherwise followed up until incubation. Briefly, the mastermix of
rehydration buffer, primers, probe, and RT (in the case of RT-RPA) is added to a lyophilized exo-kit RPA
pellet, rehydrating it. I then add the target (DNA or RNA) to the mastermix and add 2.5 uL MgOAc (280
mM) to the cap lid of the tube. The tube is then closed and shaken manually for ~30 seconds to start the
reaction and ensure homogenous distribution of reactants. I then immediately open the tube and pipette the
50 pL reaction volume evenly onto an amplification pad. In the case of tube-based experiments, the tubes
are placed into a T16-ISO instrument (Axxin, USA), which incubates the tubes at 39 °C and records
fluorescence for 20 minutes, with a manual mixing step at 4 minutes. To test for the presence of proviral
DNA in the extracted viral RNA, I performed tube-based RPA experiments using the viral RNA in which

reverse transcriptase was purposefully excluded; these experiments did not amplify.

3.2.3 Imaging and Data Analysis
An epifluorescence fluorescence microscope (AZ100, Nikon, JPN) with 0.5x objective and
illumination system (X-Cite exacte, Excelitas Technologies, USA) images the RPA nucleation site

evolution in the pad. The 0.5x objective used has a field of view diameter of 43 mm. I use an epifluorescence
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filter cube set (XF100-2, Omega Optical, LLC., USA) and capture grayscale images every second for 20

minutes using a CMOS camera (Prime BSI Express, Teledyne Photometrics, USA).

A custom image analysis algorithm (MATLAB, MathWorks, USA) counts the number of
amplification nucleation sites over the full 1,200 frame image-stack. The algorithm first resamples the
image-stack, effectively doubling the pixel density, then averages the pixel intensity over every 10 frames
to reduce image noise. It applies background subtraction to the entire image-stack by averaging the frames
in the first 2 minutes and subtracting this resulting average frame from all subsequent frames on a pixel-
by-pixel basis to eliminate any artifacts caused by auto-fluorescence of the amplification membranes, PCR
tape, or Petri dish. A circle-finding function (based on a Circular Hough Transform algorithm) identifies
discrete amplification nucleation sites for each frame. A moving-mean smoothing function averages the
number of amplification nucleation sites over time using a 5-frame window, as inherent pixel noise can
result in deviations in number of identified sites from frame to frame. The maximum smoothed number of
sites identified over the 20 minutes is used as the number of amplification nucleation sites for that
experiment. I refer to this method as the CHT (Circular Hough Transform) method. An alternative algorithm
that relies on thresholding to identify the nucleation sites is also used. This algorithm (coded via ImageJ?**)
averages the pixel intensity over every 10 frames, and then performs a rolling-ball background subtraction.
Thresholding of the resulting image-stack is performed using Otsu’s method, followed by a watershed
transformation to separate merged nucleation sites, and then analysis via an edge-finding algorithm to
identify distinct nucleation sites. I refer to this method as the TAP (Threshold Analyze Particles) method.

Both codes are available in the Appendix (A.4 and A.5).

I also use a mobile phone to image RPA nucleation sites to demonstrate the potential use of this
method in point-of-care environments. I use a Pixel 4A mobile phone (Google, USA), bandpass excitation
filter (FF01-466/40-25, Semrock, USA), bandpass emission filter (FF01-550/49-25, Semrock, USA), and
plano-convex macro lens (37-784, Edmund Optics, USA). The excitation and emissions bandpass filters

are centered at 466 nm and 550 nm, respectively, for use with the FAM fluorophore family. The plano-
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convex lens is positioned such that it is directly adjacent to the mobile phone’s camera, while the excitation
and emission filters are positioned underneath the mobile phone flash and camera, respectively. These are
held in position by a 3D-printed fixture (S3, Ultimaker, NLD), as shown in Figure 3-2B. The experiments
were conducted in a darkroom to avoid any ambient light. Images were acquired with a fixed setting of ISO

55 and an exposure of 4 seconds.

I analyze a single frame recorded at 750 seconds into an experiment with a custom Android app
written in Python 3.8.10 using the OpenCV library and run via Python for Android.?*¢ The algorithm first
employs an auto-cropping function to define the square region of interest containing the amplification pad.
A contrast limited adaptive histogram equalization adjusts the contrast of the image, and a bilateral filter
smooths the image while also removing pixel noise. The image is binarized via an adaptive Gaussian binary
threshold, and a Hough circle transform then identifies and quantifies the discrete nucleation sites. The user
interface displays a results screen featuring the experimental image with nucleation sites highlighted,
determination of HIV status, number nucleation sites identified, and corresponding nucleic acid copies

(Figure 3-2C).

78



Lens
Fixturing

Smartphone

Heater

HIV Positive

Sites: 21

Excitation
Filter Emission
Filter

Nucleic Acid Copies: 346
e —

Figure 3-2: Smartphone setup for nucleation site analysis, showing smartphone, Petri dish containing the amplification membrane,

heater, and 3D-printed fixturing, which holds the excitation and emission filters, as well as the plano-convex macro lens.

3.3 Results and Discussion

I perform RPA and RT-RPA on GF/DVA membranes for a range of target concentrations (30-
100,000 cps/rxn and 50-3,000 cps/rxn for DNA and RNA, respectively). At target concentrations of 30-
3,000 cps/rxn of DNA and RNA, I observe spatially separated and distinct fluorescent amplification
nucleation sites dispersed on the amplification pad that grow in diameter over the course of the experiment,

as shown in Figure 3-3. At higher concentrations (>10,000+ cps/rxn), there are many closely packed
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nucleation sites that merge, resulting in splotchy heterogenous fluorescence over the amplification pad and
making individual site identification more challenging. To my knowledge, this is the first instance that
individual amplification nucleation sites in paper membranes have been described in the literature. I did not
evaluate other amplification chemistries, though other publications that use these methods (e.g. LAMP,
iSDA, etc. on paper membranes) exhibit homogenous fluorescence increase and not discrete amplification
nucleation sites.”?26-232237.238 T hypothesize that the nucleation sites are a result of amplification reactants
(e.g. recombinase-primer filaments) or products (i.e. duplicated amplicons) diffusing slowly in and out of
the amplification nucleation sites. RPA’s high viscosity reaction buffer likely impedes diffusion of reactants
and products, limiting the reaction to individual nucleation sites. RPA relies on viscous crowding agents

such as polyethylene glycol (PEG) to increase enzyme catalytic efficiency,'*?

which traditionally
necessitates a mixing step halfway through tube-based RPA assay protocols.'*>?*° Previously, cast-gel
amplification systems, including in-gel LAMP or in-gel PCR, have been leveraged in a similar
application.?**?*! In these systems, native amplification chemistries are mixed with cross-linking polymers
(e.g. polyacrylamide gels) resulting in discrete amplification zones. In the work presented here, the highly
viscous RPA amplification chemistry in the porous membrane micron scale geometries dampen fluid

242,243

flow resulting in a diffusion-limited transport and formation of discrete amplification sites.
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Figure 3-3: Representative fluorescence images of RPA amplification of HIV DNA on GF/DVA membrane captured via

Microscope

Mobile Phone

microscope and smartphone imaging setup, with copy number ranging from 30 to 100,000 cps/rxn. Images were taken at t = 750 s.
At lower copy numbers (30-3,000 cps/rxn), I 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 so

numerous that they merge, making quantification difficult.

I briefly investigated the effects of polyethylene glycol on amplification nucleation site analysis by
increasing its concentration in the reaction mixture. In order to better visualize the nucleation sites, |
developed a glass-slide system, not unlike in-situ PCR platforms. Briefly, I adhere transfer tape (467MP,
3M, USA) on to a 2” x 3” glass slide (CA6101, Premiere) to form a border around the slide. The transfer
tape is cut with the CO; laser cutter to form a 5 mm wide border immediately interior to the edges of glass
slide. An RPA reaction is prepared as described above and then pipetted into the center of the glass slide.
A matching glass slide is then placed over the RPA reaction, ensuring a good seal with the transfer tape.
Three layers of transfer tape are used to create a gap between the glass slides of roughly 170 um. This setup
is shown in Figure 3-4A. The glass slides are then placed onto the heater set to 39°C and imaged in the
same process as described above. RPA reactions are also supplemented with additional PEG. While it is
unknown exactly how much PEG is present in the TwistDx RPA rehydration buffer and/or lyophilized RPA

pellets, additional PEG experiments increased the final PEG concentration by 5% (w/v).
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Figure 3-4: Amplification nucleation sites on glass slides. (A) RPA reaction sandwiched between two glass slides with transfer
tape border. (B) 1,000 copies of HIV gBlocks DNA with baseline RPA chemistry. Nucleation sites that are similar to paper-based
amplifications are visible. (C) 1,000 copies of HIV gBlocks DNA with an additional 5% (w/v) PEG. Nucleation sites are

significantly smaller. Both images are taken at 850 seconds.

In experiments with additional PEG, I observe significantly smaller amplification nucleation sites,
though this does not significantly affect the number of nucleation sites present. This does not entirely
explain the presence of discrete amplification zones, though it suggests that the viscosity of the reaction

plays an important role in their formation and evolution over time.

I find significant differences between the RPA reactions in the various membranes tested. For my
initial comparison tests, [ use 1,000 cps HIV DNA per reaction as the target. Both the GF041 and GF/DVA
membranes show robust amplification, with 34-50 amplification nucleation sites visible. The Fusion 5 only
results in 1-2 amplification nucleation sites and marginal increase in overall fluorescence. The PES
GPWP04700 membrane supports successful amplification, in agreement with previous studies.'*’?* I find
that both the GF041 and PES membranes exhibit lower contrast between the background and amplification
fluorescence in comparison to the GF/DVA membrane. Due to the robust amplification and superior
contrast, all subsequent experiments were carried out using the Whatman GF/DVA membrane.

Representative images of comparison RPA reactions on the various membranes are shown in Figure 3-5.
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Figure 3-5: Representative amplification reactions on various membranes. From top to bottom: Millipore GF041, Whatman
GF/DVA, Whatman Fusion 5, Millipore PES GPWP04700. All experiments are at 1,000 cps DNA per rxn. Due to the low water
absorbency (~ 14 pL/cm?) of the polyethersulfone (PES) membrane, a pad to hold the full 50 pL. RPA mastermix volume would
be too large for the imaging set up. Consequently, only 25 plL mastermix was used for the PES experiments. Strong amplification
is seen in both the Millipore GF041 and the Whatman GF/DV A, with many distinct amplification nucleation sites visible. However,
the Millipore GF041 exhibits brighter background fluorescence, reducing the contrast of the amplification nucleation sites
compared to the Whatman GF/DVA membrane. Amplification within the Whatman Fusion 5 is relatively poor, with only one
nucleation site appearing after 20 minutes and high background signal. The Millipore PES membrane supports amplification,

though air bubbles (visible in the center of the pad) would consistently form, obscuring amplification nucleation sites.



Figure 3-6A shows example images captured via fluorescent microscope and processed with the
CHT method, including the raw image, resampled image, multi-frame averaged image, background
subtraction, and identified sites. I plot the number of nucleation sites counted for the algorithms I tested
compared to the number of sites counted manually. I find that CHT, TAP, and manual count methods agree
well at low copy numbers (<300 cps/rxn), where there are relatively few (<50) amplification nucleation
sites. At higher DNA copy numbers (1,000 — 3,000 cps/rxn), there are differences between the algorithmic
counts and manual counts, though this disagreement is scattered. At higher copy number (10,000 cps/rxn),
both algorithms significantly undercount the number of sites relative to the manual count. I believe this
deviation is due to the algorithms being unable to robustly identify individual nucleation sites prior to the
sites merging at higher input copy numbers. This is supported by plots of identified amplification nucleation
sites over time of a single experiment, shown in Figure 3-6C. Often, the number of nucleation sites will
peak halfway through an experiment (I use the maximum as the recorded value for each respective
experiment) and then begin to decrease as the sites merge, revealing this weakness in the algorithms
(additional nucleation sites vs. time plots are shown in Figure 3-7. In all subsequent microscope-based

experiments, I use the CHT algorithm for nucleation site quantification.
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Figure 3-6: Results of algorithmic nucleation site identification and counting. (A) Circular Hough Transform (CHT) algorithm
process. The raw data (1) is first resampled to increase pixel density (2) with the pixel intensity averaged over 10 frames (3). I
perform background subtraction (4), subtracting the average of the first two minutes’ frames on a pixel-by-pixel basis with the
resulting amplification nucleation sites then identified and quantified via a circle counting algorithm (5). (B) Comparison of the
CHT (o) and TAP (o) algorithms against a manual count of RPA amplification nucleation sites with DNA target copy numbers of
30 — 10,000 cps/rxn. At lower copy numbers (< 3,000 cps/rxn), there is good agreement between the manual count and both
algorithms. In this regime, the number of amplification nucleation sites is relatively low and there is sufficient separation between
the sites for successful algorithmic quantification. At higher copy numbers (10,000 cps/rxn), the nucleation sites begin to merge,
making algorithmic quantification more difficult and resulting in an undercount relative to the manual count. This is observed for
both algorithms, though it is more pronounced in the TAP algorithm. (C) Representative experiment of 1,000 cps/rxn DNA on
Whatman GF/DVA membrane, showing the number of amplification nucleation sites as a function of experiment time, quantified
via the CHT image analysis algorithm. A sharp increase in number of nucleation sites occurs near 4-10 minutes, followed by a
decrease in number of identified sites as the sites begin to grow and merge. The dashed line represents the moving-mean smoothing
function used. (D) Representative experiment of 1,000 cps/rxn DNA on Whatman GF/DV A membrane captured by the smartphone

imaging system, showing the number of amplification nucleation sites as a function of experiment time.
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Figure 3-7: Representative normalized number of nucleation sites over the course of 20-minute experiments using HIV DNA copy
numbers 30 — 100,000 cps/rxn, captured via the microscope setup. Number of nucleation sites is normalized by the maximum
number of nucleation sites. At very low copy numbers, the nucleation sites are spatially separated such that there is little site
merging, and consequently, I do not observe any distinguishable peak of number of quantified nucleation sites. As the copy number
increases, I observe gradually more pronounced peaks, as the increase in number of sites leads to more site merging. At very high
copy numbers, the number of quantified nucleation sites increases rapidly, then decreases very quickly as site merging dominates

very soon after the nucleation sites become visible.

In Figure 3-8 I plot the number of nucleation sites as a function of the number of nucleic acid copies
per reaction for HIV DNA and RNA using both the microscope and mobile phone imaging systems. The
data shows that the number of amplification nucleation sites is proportional (log-log) to the number of input
target copies. For RPA experiments with DNA target, input copy numbers of 30-100,000 cps/rxn were
tested in triplicates and all experiments showed positive amplification except for one trial at 30 cps/rxn. No
template controls (NTCs) did not show any amplification. I estimate the limit of detection (LoD) of this
method via Probit analysis** as copies DNA per reaction. I find that the number of amplification nucleation
sites as a function of copies of DNA per reaction follows power-law relationship in the form of y = b *
x™, where b = 0.184 and m = 0.766. This relationship holds well up to 3,000 cps/rxn, after which the

number of identified amplification nucleation sites reaches a maximum and then decreases with increasing
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number of copies. The measured decrease in amplification sites is due to merging of sites at high copy
numbers (10,000-100,000 cps/rxn) and the inability of the algorithms to capture and record all the
nucleation sites. With my methodology, I report the dynamic range to be 67-3,000 copies of HIV DNA per
reaction (equivalent to 1,300-60,000 cps/mL). I show a comparison plot with a manual count in Figure 3-8,
showing an extended dynamic range of up to 10,000 cps/rxn, suggesting that algorithm optimization can
likely extend the reported dynamic range. Note that it is difficult to perform manual counts at copy numbers
upwards of 10,000 cps/rxn, as the nucleation sites have already merged once they become sufficiently bright
to distinguish from the background. These results suggest that alternative algorithm methodologies, such
as pattern recognition or machine learning, may be useful in extending the dynamic range. While this site
merging behavior limits the current dynamic range, I am still able to determine successful amplification in

high copy number experiments using bulk fluorescence values.

Similar discrete amplification nucleation sites are observed in the RT-RPA experiments with HIV
RNA target. The concentrations of viral RNA tested included 50-3,000 cps/rxn. I fit a similar power law

model to the data (y = b * x™), where b = 1.047 and m = 0.551.
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Figure 3-8: Log-log plots of quantification of amplification nucleation sites. (A) HIV DNA (blue open circles) and RNA (red filled
circles) on GF/DVA membrane captured via microscope setup compared to HIV DNA data captured via smartphone setup (yellow
filled squares). Data points represent the average and standard deviations (n=3) for each target copy number tested and quantified
via CHT algorithms. Dashed lines represent fitted power models in the form of y = m * x?. In all cases, I observe a strong
relationship between nucleic acid input copy number and number of amplification nucleation sites. At high copy numbers (10,000+
cps/rxn), I observe a decrease in number of nucleation sites due to merging of amplification sites and inability of the experimental
methodology to resolve and quantify the numerous nucleation sites. (B) Comparison of HIV DNA quantified via CHT algorithm

to a manual hand count.

The mobile phone-based imaging and processing method demonstrates similar performance to
microscope-based image capture for 30-1,000 cps/rxn; however, the performance of this system degrades
at roughly 3,000 cps/rxn, significantly lower than the microscope-based system. This reduction in the
dynamic range is due to the reduced sharpness and signal-to-noise of the mobile phone-based images and
the associated challenges in counting the sites. The power law model fit to the data, ranging from 30 — 1,000
cps/rxn, is in the form y = b * x™, where b =0.215 and m = 0.73 1. The fit parameters are remarkably close
to the fit calculated for the microscope-acquired data. In this work, I use a designated dark room to exclude

ambient light. In a point-of-care setting, a specially constructed enclosure or dark box would be required
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and interface directly with the smart phone while holding the necessary optics, similar to previously used

dark boxes for epifluorescence imaging.?*¢

I compare the LOD, dynamic range, time, cost, and complexity of amplification nucleation site
analysis to ddPCR and various other isothermal amplification techniques in Table 3-1. ddPCR has the
lowest limit-of-detection (1 copy per 20 puL reaction volume) and the largest dynamic range of the digital
methods reviewed here (5 orders of magnitude), though requires multiple devices (droplet generator,
thermocycler, and droplet reader) which cost upwards of $100,000. Other digital methods, such as the
SlipChip**! have marginally poorer performance than ddPCR, with LODs in the range of 1,000 to 10,000
cps/mL and similar high end dynamic range. While some of these chip-based platforms may ultimately be
less expensive than commercially available ddPCR systems, they are manufactured via photolithography,
complicating widespread POC applications. Publications using bulk fluorescence magnitudes of isothermal
amplification for quantification report dynamic ranges of 3 to 4 orders of magnitude and 20-30 minute test
time. Here, I report a minimally instrumented isothermal amplification which can quantify input copies

over a dynamic range of 1.5 orders of magnitude.

While this method in its current form has smaller dynamic range compared to other digital methods,
bulk fluorescence measurements of the amplification pad can be used to determine positive amplification
at input concentrations above the quantifiable levels. Serial dilution of the target sample may be used with
multiple concurrent amplification reactions (on separate amplification pads) to extend the dynamic range,
with the only limitation being space and sample volume limits. This parallel processing of several target
sample dilutions is routinely employed with ddPCR, which also suffers from signal saturation at the upper
end of its dynamic range. Additional image processing methods, such as convolutional neural networks or
similar image analysis machine learning algorithms might be employed to increase the dynamic range as
well, potentially taking advantage of nucleation site cluster formation visible at higher input copy numbers,

as opposed to individual nucleation site counting.?*°
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Table 3-1: Comparison of amplification methods to quantify pathogen concentration

Reported Time to Quantification
Publication Description Manufacturing Notes
Range Results Scheme
) o ) Requires separate droplet
Bio-RAD SEI1 to 6E6 120 Digital Poisson
ddPCR . o generator, thermocycler, and
QX200 cps/mL minutes statistics
reader, $100,000 cost
Digital RPA
performed on 1.4E3 to 1E6 60 Digital Poisson Used 1,550 nanoliter-sized
Shen et al.??! Photolithography
SlipChip cps/mL minutes statistics wells with automatic filling
microfluidic chip
Digital RPA o ) Used 27,000
) 1.3E4 to 2.9E6 ) 20 Digital Poisson o )
Liet al? performed on Photolithography _ o picoliter-sized wells, rather
) o cps/mL minutes statistics ] )
microfluidic chip complicated loading procedure
o LAMP mastermix
Digital LAMP on ) o ) Leveraged membrane pore
) 1.1E4 to 1.1E8 added directly to 40 Digital Poisson ] ]
Lin e al.?? track-etched . o structure to discretize
cps/mL polycarbonate minutes statistics ) ) )
membrane amplification reactions
membrane
Lyophilized reagents ) Developed separate reader to
) Paper-based 1E6 to 1E10 30 Time-to-threshold )
Liu et al.?? on glass fiber _ ) measure real-time
LAMP cps/mL minutes analysis
membrane fluorescence
Dried LAMP
Paper-based 5.9E3 to 5.9E6 reagents on 60 Bulk fluorescence Multiplexed detection via
Seok et al.?? _ ] ) o
LAMP cps/mL polyethersulfone minutes magnitude multiple amplification pads
membrane
Multiplexed detection via
Dried RPA reagents multiple amplification pads,
1E2 to 1E5 20 Bulk fluorescence o
Ahn et al. ' Paper-based RPA on polyethersulfone ) ) able to distinguish orders of
cfu/mL minutes magnitude ) .
membrane magnitude input CFU
concentrations
RPA mastermix Amplification No alterations to the
) 1.3E3 to 6E4 ) 20 o )
This work Paper-based RPA added directly to ] nucleation site membrane required,
cps/mL minutes

glass fiber membrane
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Amplification nucleation site analysis may provide sufficient precision and accuracy for some
point-of-care nucleic acid quantification applications. For example, in HIV viral load monitoring the
relevant quantification range of interest is 200-1,000,000 cps/mL (whereas the current dynamic range |
show of 67-3,000 cps/rxn equates to 1,300-60,000 cps/mL).”® In this work, I tested highly purified and
simple samples and a complete POC diagnostic test may require significant sample preparation steps that
impact the concentration of target in the reaction volume. Nucleation site counting may also provide greater
precision and accuracy than tube-based RPA. As an estimate, I use the calculated calibration curve and
determine the average predicted concentrations and associated standard deviations (n=3) for the collected
data, similar to the process used by Crannell et al.'>> and shown in Table 3-2. Tube-based RPA is able to
reasonably quantify both HIV subtype A DNA and RNA within 0.33 and 0.25 logo(copies per reaction) of
the correct concentration on average for DNA and RNA respectively, within the dynamic range tested, in
agreement with results shown in Crannell et al.'> For the same concentrations, microscope-acquired
amplification nucleation site analysis quantifies the samples within 0.14 and 0.16 logio(copies per reaction)

of the correct concentration on average for subtype A DNA and RNA targets, respectively.
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Figure 3-9: Time-to-threshold analysis of tube-based RPA experiments using HIV Subtype A RNA. Circles represent mean values
with standard deviations shown. (A) HIV DNA targets 10-100,000 cps/rxn. Higher copy numbers take less time to reach the
fluorescent threshold, though there is significant overlap when comparing various copy numbers, particularly at low copy numbers.
(B) HIV RNA targets 40-1,000 cps/rxn. There is very little relationship between time-to-threshold and input copy number, making

quantification difficult.

Table 3-2: Performance of amplification nucleation site analysis vs. tube-based RPA for HIV subtype A

Average Predicted Concentration (Log)
Log(Input Copies per Rxn) Tube-Based Time-to- Amplification Nucleation Site
Threshold Analysis Analysis
3.48 3.18 (£0.05) 3.39 (£0.16)
3 3.13 (£0.14) 3.09 (£0.10)
HIV DNA 2.48 2.76 (£0.01) 2.55 (£0.19)
2 2.22 (£0.58) 1.93 (£0.13)
Average Absolute Error 0.33 (=0.19) 0.14 (=0.09)
3.48 3.36 (£0.03) 3.35 (+£0.20)
3 2.89 (+£0.03) 3.03 (£0.07)
HIV RNA 2.7 2.83 (£0.08) 2.72 (£0.07)
2 2.65 (£0.30) 1.95 (£0.32)
Average Absolute Error 0.25 (£0.28) 0.16 (£0.13)
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While RPA is well-known for its ability to robustly amply across genotypes and subtypes by

148,172 mismatches can have a significant effect on amplification rate and

withstanding primer mismatches,
time-to-threshold, such as that shown in Lillis et al.'****" This compounds challenges in tube-based
quantification if exact target sequence is not known a priori, for example, when multiple genotypes and
subtypes are detected with the same assay. To investigate this further, I compare the quantitative power of
amplification nucleation site analysis to tube-based RPA across a range of HIV subtypes (A, B, and D) in
a similar process to that shown in Table 3-2. I tested these viral RNA extracts over 60-3,000 cps/rxn in both
tube-based RPA (using time-to-threshold analysis), amplification nucleation site analysis, and qPCR as a
comparison. Resulting calibration curves for amplification nucleation site analysis, tube-based RPA, and
gqPCR are shown in Figure 3-10. As expected, qPCR has the tightest grouping across subtypes and ranges
of HIV RNA. Both amplification nucleation site analysis and tube-based RPA show deviations based on

subtype, with this differential amplification observed likely due to the nucleotide mismatches present

between the primers and probe used and the respective subtypes, shown in Table 3-3.
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Figure 3-10: Comparison calibration curves across HIV subtypes for (A) Amplification nucleation site analysis (B) Tube-based

RPA and (C) gPCR
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Table 3-3: Number of nucleotide mismatches in primer and probe sequences by HIV subtype

Number of Nucleotide Mismatches
HIV Subtype Forward Primer Reverse Primer Probe Total
Subtype A 0 0 0 0
Subtype B 1 3 2 6
Subtype D 1 2 1 4

Interestingly, the subtype D supernatant used amplifies more poorly than the subtype B supernatant,
though the subtype D genome has two fewer nucleotide mismatches. Previous studies have shown that the

location of mismatches can greatly affect amplification performance.!”!

In both amplification nucleation
site analysis and tube-based RPA, subtypes B and D resulted in significantly lower fluorescence values than

subtype A, with amplification nucleation site data shown in Figure 3-11.

Subtype A Subtype B Subtype D
(4,500 IFU) (3,300 IFU) (2,200 IFU)

Figure 3-11: Comparison of fluorescence intensity observed in amplification nucleation site analysis between HIV RNA subtypes
from subtypes A, B, and D, with average fluorescence intensities of several nucleation sites listed. Images are taken on the AZ100
microscope with identical settings at 750 seconds. Subtype A (0 mismatches) produces very bright nucleation sites. Subtype B (6
mismatches) produces dimmer nucleation sites, while subtype D (4 mismatches) produces the dimmest sites, though the sites are

still are distinguishable from the background.

Across all subtypes (A, B and D) and RNA concentrations (30-3,000 cps/rxn) tested, amplification

nucleation site analysis quantifies HIV RNA within an average of 0.35 (+0.22) logio(copies per reaction)
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ofthe correct concentration, while tube-based RPA quantifies HIV RNA within of 0.53 (+0.38) logio(copies
per reaction) of the correct concentration. qPCR, for comparison, quantifies HIV RNA within of 0.13
(£0.08) logio(copies per reaction) of the correct concentration. In this comparison, amplification nucleation
site analysis is significantly more accurate than tube-based, time-to-threshold RPA (p <0.05, via two-sided
t-test). I hypothesize that this increase in accuracy is due to similar binomial classification of nucleation
sites (i.e. present vs. not present) as done in traditional digital amplification methods; in this manner,
individual amplification nucleation sites that may appear slowly or less brightly (in the case of subtypes
with significant deviations in amplification efficiency) are counted the same as nucleation sites that appear
very brightly. As there is very little time dependency in amplification nucleation site analysis, some of the

inherent variation observed in traditional tube-based RPA is likely mitigated.

The recent target product profile (TPP) by Drain et al. states an ideal point-of-care HIV viral load
test should have a quantitative precision of less than 0.3 logio copies/mL.”® While the metric used in the
TPP represents an entire workflow’s level of precision (e.g. sample preparation, amplification, and
detection), it can roughly be applied to amplification and detection workflows on a per reaction basis as
well. Amplification nucleation site analysis does not fully meet this requirement in its current form, though
it is likely that slight adjustments to the workflow (e.g. larger amplification area to more accurately resolve
nucleation sites) would further improve the level of precision. Multiple or degenerate primers may also aid

in quantification across subtype.
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Figure 3-12: Average absolute quantification error of tube-based RPA, amplification nucleation site analysis (ANSA), and qPCR
across 30-3,000 cps/rxn using extracted HIV RNA from subtypes A, B, and D (n = 31). Tube-based RPA (with traditional time-to-
threshold analysis) is able to quantify the samples tested within 0.53 (£0.38) logio(cps/rxn) of the correct concentration on average,
while amplification nucleation site analysis is able to quantify to within 0.35 (£0.22) logio(cps/rxn) of the correct concentration on
average. qPCR quantifies the samples to within 0.13 (£0.08) logio(cps/rxn) of the correct concentration on average. All three

methods are statistically different from each other (p < 0.05).

Crude sample preparation with remnant inhibitors/confounders can also adversely affect traditional
amplification quantification, though it is not yet clear if this will impact the quantification accuracy of

amplification nucleation site counting.

Smartphone- and inexpensive-based fluorescence readers have been used to detect and quantify
isothermal amplification assays, typically using either endpoint fluorescence or time-to-threshold
values.?37-246.248249 Mobile phone or inexpensive optical component based readers may be appealing for a
POC setting because they potentially result in lower costs and greater accessibility. However, it is well
known that differences in phone components (i.e. camera quality and/or flash spectrum) can result in

250,251

differing signals, potentially confounding quantification if not properly calibrated. Amplification

nucleation site analysis does not rely on relative fluorescence or precise pixel intensity values and may
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prove to be a more robust and consistent method of quantification across inexpensive optics as well as

mobile phone types and models.

3.4 Summary

I present a novel method for HIV DNA and RNA nucleic acid quantification using paper-based
isothermal amplification and nucleation site amplification counting. I observe discrete fluorescent
amplification nucleation sites when recombinase polymerase amplification is performed on porous fiber
substrates and use an image analysis algorithm to count the sites. The number of amplification sites follows
a power law relation to the number of input nucleic acid copies. Using DNA targets, I report a quantifiable
range of 67-3,000 cps/rxn, as higher copy concentrations lead to significant amplification nucleation site
merging and difficulty in site quantification using my algorithms. With HIV RNA targets, I show well-
defined correlation between nucleation sites and input copies between 50-3,000 cps/rxn. This amplification
nucleation site analysis method provides significantly more precise quantification than traditional tube-
based time-to-threshold analysis across HIV supernatant subtypes A, B, and D. The amplification process
takes less than 20 minutes at a single temperature with inexpensive materials and minimal user steps, and |
believe that amplification nucleation site analysis could be leveraged in low-cost point-of-care nucleic acid
amplification tests to provide more robust isothermal nucleic acid amplification quantification ability
compared to current methods. I also present a mobile phone-based imaging system that is able to quantify
amplification nucleation sites with a custom onboard processing app with similar performance to that of a
microscope-based setup, suggesting that mobile phone-based amplification nucleation site analysis is a

viable strategy for point-of-care applications.

I observe merging of nucleation sites at higher concentrations of target that limits the quantifiable
range of my approach. There are several ways to improve the dynamic range. Improved image analysis

algorithms, perhaps one using pattern recognition over time, may extend the quantifiable range by resolving
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additional nucleation sites that are currently difficult to discern from site merging effects. The effective
dynamic range of the system can be shifted by dilution of the sample, allowing for higher concentrations
of target to be quantified. Using this dilution approach, multiple amplification pads could be used to extend
the dynamic range, particularly if the expected copy number order of magnitude is not known a priori. This
dilution scheme with multiple parallel experiments is frequently used in ddPCR. Several preliminary
experiments have shown that increasing the area of the amplification pad (e.g. through tripling the reaction
volume while keeping the nucleic acid copy number per reaction constant) can increase the dynamic range,

as it effectively reduces the amplification nucleation site spatial density.

There is an inherent tradeoff in analytical techniques between reducing cost and complexity and
decrease in performance. Amplification nucleation site analysis currently has a more limited dynamic range
than qPCR or digital isothermal methods; however, the simplicity and potential for lower cost compared to
other techniques may ultimately meet target product profiles. This is particularly true in an application
spaces where pathogen concentrations are relatively low, such as in HIV viral load monitoring, where
sample quantification is particularly valued near traditional cutoffs of 1,000 copies of HIV RNA per mL of
plasma for antiretroviral efficacy determination.”® Further optimization of membrane properties may also
be useful in improving the limit-of-detection, as the important characteristics and properties of different

membrane types in relation to their ability to sustain amplification reactions is still unclear.

I hypothesize that the RPA grouping agents, which increase the reaction fluid’s bulk viscosity, are
crucial in the formation of individual nucleation sites. For this reason, I do not expect this method will be
possible with other native isothermal amplification chemistries; however, it may be possible to increase the
viscosity of other amplification techniques (e.g. LAMP) through the addition of grouping agents with

similar results.

The amplification nucleation site analysis method presented here can be integrated with most
nucleic acid amplification sample preparation workflows to be used at the point-of-care. Each disease target
has specific sample preparation requirements. For example, viral detection in blood samples, such as HIV,
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requires viral envelope lysis, cell fractionation, RNase deactivation, and purification from amplification
inhibitors (such as heme).”® Viral detection in nasal and saliva samples, such as SARS-CoV-2 testing, can
be accomplished at the POC with minimal sample preparation by direct addition of the sample into viral
transport media with a lysis surfactant and reducing agent (such as DTT).2#%252233 One potential challenge
of integration of ANSA with various POC sample preparation methods is the requirement of homogenous
distribution of target nucleic acids throughout the amplification pad. Many sample preparation methods
purposefully concentrate target nucleic acids from larger initial sample volumes to improve limits-of-
detection (such as the work discussed in Chapter 2: Without even distribution of nucleic acids throughout
the amplification pad, the nucleation sites would likely be grouped closely together, further complicating
quantification. While homogenous distribution of concentrated nucleic acids is trivial with the use of
pipettes and tube-based manipulations, this becomes challenging in devices that rely on passive wicking to
manipulate fluids, such as in paper-based diagnostics. It may be possible to use membranes with unique
wicking properties to evenly distribute sample, such as that shown in Ahn et al.'*” They used a membrane
with an asymmetric pore structure (Vivid plasma separation membrane) as a transfer membrane to which
sample was added; the sample completely saturated the smaller pores of the asymmetric membrane first,
resulting in a uniform distribution of sample across the membrane before wicking upwards through the
larger pores and into overlaying amplification pads/zones. It is unclear how the flow dynamics of nucleic
acids in these porous structures may affect nucleic acid distribution, though this is an ongoing area of

research.

99



Chapter 4: Summary and Recommendations

4.1 Research Overview

There is an urgent, yet unmet need for sensitive and specific tests and devices for HIV viral load
monitoring at the point-of-care. Molecular tests that target pathogenic nucleic acids are the gold standard
for initial detection and subsequent monitoring of disease severity and are able to detect infection weeks
before other available methods.?!*> NAAT tests are mostly relegated to centralized laboratories due to the
burdensome nature of these assays, requiring numerous pipetting, washing, and other fluid manipulation
steps to progress through the three stages of (1) sample preparation, (2) amplification, and (3) detection.
Automation has been extensively employed in large-format, high-throughput robotic platforms, alleviating
many (otherwise) manual user steps. These machines are not readily accessible in low- and middle-income
countries or settings where the burden of disease is often the highest, as requirements of controlled operating
environment, stable electricity, and skilled technicians can be difficult to satisfy. In the context of HIV,
there is a urgent need for more than 50 million viral load tests per year to meet World Health Organization
95-95-95 targets for controlling the ongoing HIV pandemic.>* Near-point-of-care platforms have been
developed for a number of bloodborne diseases, including HIV, though the costs of these platforms are
prohibitive for more widespread, disseminated use, as they still rely on traditional robotics and automation
which drives costs upwards.?*8! Further research and development are needed to investigate new and novel
techniques to address the specific needs of HIV viral load testing (and bloodborne nucleic acid testing in

general) at the point-of-care.

In this dissertation, I describe novel methods for sample preparation, amplification, and detection,
towards a point-of-care HIV viral load test device. I developed a paper-and-plastic device for nucleic acid
sample preparation from human whole blood samples, integrating blood fractionation, proteolytic protein
digestion, and isotachophoretic extraction of target DNA. The device uses low-cost materials and reagents

and requires only the addition of several buffers and the removal of tape to produce purified, readily
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amplifiable nucleic acids. The paper-based microfluidic device processes a 33 puL sample of undiluted
whole blood by fractionating the blood into cell-free plasma (excluding WBCs which would theoretically
harbor pro-viral HIV DNA), and electrokinetically separate and purify the target DNA using
isotachophoresis for subsequent off-chip amplification via recombinase polymerase amplification. This
process takes less than 30 minutes with minimal user interactions or steps. I am able to successfully extract
and amplify at target concentrations as low as 100 cps/rxn, which corresponds to a concentration of 3 x 10°

cps/mL of whole blood, within clinically relevant ranges of HIV, as well as that of HCV and HBV .208:209:254

I also show the development and integration of lyophilized RNase inactivation chemistries onto
paper-like analytical membranes for point-of-care applications. This work builds off previously published
work from our group, in which RNase inactivation chemistries were investigated for tube-based viral lysis
and RNase inactivation of HIV+ plasma samples, though this work still required a number of fluid
manipulation, pipetting, and mixing steps.**!® Rapid RNase inactivation is crucial in nucleic acid
amplification tests that target RNA, including viral load monitoring. Methods for drying down these
reagents onto paper-like analytical membranes such that they are stable and can be easily integrated into a
point-of-care device were investigated, including simple air-drying and lyophilization. The RNase
inactivation reagents consisted of sodium dodecyl sulfate (a strong detergent), proteinase K (a wide-
spectrum protease) and dithiothreitol (a reducing agent). I show that these reagents retain their RNase
inactivation properties after lyophilization onto a Fusion 5 glass-fiber membrane, eliminating endogenous
RNase activity in human serum in less than 15 minutes. This is an important step towards integration into
a point-of-care device for viral load testing, in which these reagents could be rehydrated by the sample,

eliminating any user fluid manipulation or mixing steps.

I detail a novel method for the quantification of recombinase polymerase amplification reactions
through amplification nucleation site analysis. While RPA is attractive for point-of-care applications due
to its low incubation temperature (39 °C) and fast time to results (< 20 minutes), it is unclear whether

traditional quantification metrics can be used in applications that require precise sample quantification (as
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needed in HIV viral load monitoring) due to its lack of synchronized amplification, variable reaction
initiation, and viscous reaction chemistry.'*® More common methods of quantification, such as tube-based
time-to-threshold, can result in large quantification uncertainties, particularly across HIV subtypes.!** 1
show that performing RPA on paper-like analytical membranes produces discrete fluorescent amplification
nucleation sites. These amplification nucleation sites appear to grow over the course of a 20-minute
incubation, with the number of nucleation sites correlating to the input DNA or RNA concentration in an
almost pseudo-digital manner. I developed a site counting algorithm to quantify the number of nucleation
sites per reaction and illustrate that this new method can quantify input copy numbers of both DNA and
RNA between 67-3,000 cps/rxn across HIV subtypes A, B, and D significantly more accurately than
traditional tube-based RPA with time-to-threshold quantification. This method can be performed with a

smart phone and accompanying app, using inexpensive optics, showing great promise for low-cost

applications.

The work presented in this dissertation represents steps towards the currently unmet need for
technologies addressing sample preparation, amplification, and detection that are amenable to point-of-care
settings. Novel methods are needed to meet challenging HIV viral load testing product profile targets for
sensitivity and specificity, cost, and ease of use. I anticipate that the developments presented here can be
further combined and integrated into a single device for viral load testing, such as envisioned in Figure 4-1.
An ideal device must successfully integrate blood fractionation, viral lysis and RNase inactivation, ITP
extraction of viral RNA, and amplification and detection. This will require significant engineering, as each
step requires its own optimization and integration, though would represent a major step towards

disseminated viral load testing.
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Figure 4-1: Renders of envisioned, theoretical point-of-care viral load test device with integrated blood fractionation, viral lysis
and RNase inactivation, isotachophoretic extraction of viral RNA, and amplification. (A) Full device with sample port and user-
activated buttons which release ITP buffers from on-device blister packs. (B), (C) Cut-away views, showing the blood fractionation
membrane, ITP strip and amplification zones, and buffer reservoirs. A device such as this would likely be used with a separate

reusable reader-unit, which may contain the more expensive components such as power supplies, heating, and/or optics.

4.2 Other Relevant Disease Targets

While HIV is the primary focus of this dissertation, many of the unmet clinical needs and
technologies described here also apply to other bloodborne diseases for initial diagnosis or surveillance of
diseases progression. These include hepatitis B and hepatitis C which have very similar characteristics to

HIV (e.g. viral morphology, genetic diversity, and necessary limits of detection).

4.2.1 Hepatitis B

Hepatitis B is caused by small, enveloped virus with a partially double-stranded DNA genome.?
It preferentially infects hepatocytes, with prolonged infection leading to chronic liver disease, cirrhosis,
and/or liver cancer. The hepatitis B virus (HBV) can be spread through blood or sexual contact.?*® The

World Health Organization estimates that in 2019, there were 296 million people living with chronic
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hepatitis B infection and nearly 820,000 deaths annually. Initial hepatitis B diagnosis is primarily done via
antigen or antibody tests with a blood sample, though only 10.5% of people living with hepatitis B are
aware of their infection.?*%*’ In low-resource settings, rapid diagnostic tests (RDTs) are often used for
initial diagnosis. While preventative vaccination is highly effective, antivirals also exist for hepatitis B
treatment (e.g. tenofovir or entecavir).?****® Routine viral load tests (i.e. quantitative nucleic acid
amplification tests) are recommended to both initiate treatment and track efficacy, as well as for monitoring
antiviral resistance.?*® Viral loads typically range from 300 to upwards of 10° cps/mL of serum in the case
of uncontrolled infection.’” HBV is genetically diverse as well, with at least eight identified genotypes (A-

H).260

4.2.2 Hepatitis C

It is estimated that there are 58 million people living with chronic hepatitis C infection, with nearly
1.5 million new infections annually.?®! The hepatitis C virus (HCV) is spread primarily through blood
contact (e.g. unsafe injection practices and/or injection drug use, unsafe healthcare, or unscreened blood
transfusions) or sexual contact, though this is less common. HCV an enveloped, single-stranded RNA virus
and is relatively genetically diverse, with seven separate genotypes identified.?®*?** While there is no
preventative vaccine for hepatitis C, direct acting antiviral (DAA) treatments are available with cure rates
of higher than 90%.2*2°> While pan-genomic DAA regimens are the standard-of-care, regimen decisions
can be partially based on HCV genotype and previous treatment history, as the mutations between

genotypes have led to various levels of specific DAA regimen susceptibility.?66-2¢7

Anti-HCV antibody tests are typically used for initial diagnosis of both acute and chronic HCV,
with subsequent confirmation and quantification via HCV RNA nucleic acid amplification assays.?%® Rapid,
point-of-care anti-HCV antibody tests exist (e.g. OraSure OraQuick HCV test*®) and produce results in

less than 20 minutes with finger prick blood samples, though antibody levels only become detectable 4-10
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weeks post-infection.?> HCV RNA, in contrast, is detectable 1-2 weeks after exposure. It is recommended
that after DAA regimen completion, a follow-up HCV RNA quantification assay is performed to determine
if sustained virological response (SVR) is achieved (defined by the absence of detectable HCV RNA 12
weeks after treatment completion).?*2%® The only currently available near-point-of-care solution for HCV

RNA quantification is the Cepheid GeneXpert.

Two target product profiles have been published to guide development of HCV nucleic acid
amplification tests for the diagnosis of active viremia in decentralized/low-resource settings.?’*?’! The goals
of the ideal tests are to (1) diagnose active HCV infection and (2) confirm cure upon treatment completion.
These TPPs state that ideally, a test would be able to quantify HCV RNA with a sensitivity of 200 IU/mL,
though a qualitative test with a sensitivity of 1,000-3,000 IU/mL would also be acceptable. The majority of
individuals with chronic HCV infection have viral loads of 10*-107 IU/mL with viral loads as low as 1,000
IU/mL in early-stage infection.?** The tests should cost less than $15 per test (though instrumentation can
be significantly more), should require less than two manual steps, and ideally operate with capillary whole

blood.?”® These are ambitious targets to satisfy, but offer a roadmap to an acceptable POC HCV RNA test.

4.3 Reflections and Recommendations for Future Work

In this dissertation, I focus on separate elements of the nucleic acid amplification testing process:
sample preparation, and amplification and detection. Significant further advancement and innovation are
required in each of these areas to bring low-cost, disseminated HIV viral load testing to the point-of-care.
For instance, in work presented here, I was able to purify, extract, and amplify target DNA from whole
blood samples in concentrations as low as 3 x 10° cps/mL of whole blood, which equates to roughly 5,000
cps/mL of plasma/serum. Current target product profiles recommend POC HIV viral load tests have an LoD
of between 200-1,000 cps/mL of plasma/serum. Increasing both the volume of sample processed and the

isotachophoretic extraction efficiency of the described device would allow for more sensitive detection.
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Additionally, refinement of the user steps is likely necessary, further reducing the number of steps and
actions necessary from the user; for instance, continuing to investigate strategies to eliminate the removal
step of the blood fractionation module or the inclusion of blister packs would ease user steps. In the current
process of amplification nucleation site analysis, the dynamic range is currently limited to 3,000 cps/rxn
due to site merging behavior which makes discrete site identification challenging in high copy concentration
regimes. While precise nucleic acid quantification at elevated viral loads is likely not critically necessary
for HIV VL testing as a significant viral load (>1,000 cps/mL) is indicative of treatment failure regardless
of exact quantification, extending this dynamic range to higher concentrations may be useful for other
disease targets with higher typical viral concentrations. This range could likely be increased by enlarging
the amplification pad size while decreasing its thickness, spatially separating the nucleation sites for
improved quantification. Simultaneous testing of several serial dilutions of sample in a small microfluidic

device would also extend the dynamic range of the system.

While there are many adjustments and advancements that could be made to these processes
separately, integration has always been a significant hurdle for point-of-care devices. NAAT testing
requires timed, sequential fluid manipulation steps that are typically performed via pipetting or valving,
either manually or robotically. In an ideal point-of-care device, these processes would be performed without
significant user steps. Various approaches for fluid control, such as wax valving or swelling membrane
“switches” have been developed, though these methods have been largely limited to academic works thus
far, with the Cue platform being the exception (which uses wax valves to sequentially release substrate and
wash buffers).?’>?” Integration is particularly difficult in applications such as HIV viral load monitoring
where the required limits of detection are demanding. Integration can require compromise between various
device aspects and maintaining sufficient efficacy throughout a device to meet these stringent requirements
can be challenging. This requires a holistic approach to device design and an understanding of how separate

technologies might interface with each other. Design for manufacturing (DFM) concepts should also be
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considered during device design; in many cases, costs of manufacturing can quickly outpace costs of

materials due to specialized manufacturing, assembly, and/or pick-and-place operations.

The COVID-19 pandemic has resulted in significantly more attention, urgency, and resources
dedicated towards the development of widely disseminated diagnostic tests and kits. Much of this has
focused on RDTs or LFAs in various form factors, though sizeable investments have been made in the
development of nucleic acid amplification tests. In 2020, the NIH launched the Rapid Acceleration of
Diagnostics (RADx) program to facilitate the rapid development of COVID-19 diagnostics with over $1.5
billion in federal funding.”’* This has funded a number of companies and academic groups who have
developed POC NAAT-enabling technologies, including DETECT, Quidel, and Cue. This is an example of
the major divergence from historical interest and funding in point-of-care NAAT technologies, with this
sudden influx of monetary support spurring significant advancements. This, in concert with the FDA’s use
of Emergency Use Authorization (EUA) regulatory approval, has greatly accelerated development and
commercialization for COVID-19 NAAT diagnostics, providing useful case-studies in device design and
user acceptance for the next generation of assay and device developers to learn from. I hope that this recent
surge in interest in NAATs will continue, and that these advancements will have positive effects to the

development of point-of-care NAAT diagnostics for other diseases.
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Chapter 3
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Appendix

A.1 Vivid integration experiments — Heat pressing
Heatpressed
Vivid

Reservoir Reservoir

Figure A.l. Heat-pressed Vivid. Vivid circles were cut out to accommodate 20 pL blood volume (based on manufacturer’s
recommendations) and placed over a Fusion 5 ITP strip (with no blood fractionation fixturing). Whole blood (20 pL) was dispensed
onto the Vivid, and after 3 minutes, the ITP buffers were added to their respective reservoirs and an electric potential was applied
to the system, initiating ITP. (A) Using unprocessed Vivid, the red blood cells/hemoglobin migrate laterally off the Vivid and into
the underlying Fusion 5 membrane during ITP, focusing in the ITP plug. (B) In Vivid that was heat pressed (performed by heating
a metal annulus to ~150 °C and pressing by hand into the Vivid for 10 seconds), the pores near the edge of the Vivid membrane
are fused/sintered together, providing a barrier for lateral flow. Here, the ITP plug is slightly visible on the Fusion 5 strip due to
focused serum proteins, though no hemoglobin is visible. (C) In many experiments, the heat-pressing was not entirely complete,
and small “channels” of RBCs/hemoglobin are visible wicking laterally through the Vivid and onto the underlying Fusion 5
membrane. While this method is promising for preventing lateral migration through the Vivid under ITP conditions, it is likely that

significantly more precise temperature and pressure control are needed.
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A.2 Vivid integration experiments — Wax printing

A

Printed wax border

Figure A.2. Wax printed Vivid. A ColorQube 8570 (Xerox Corp., USA) printed a border of wax around a circle of Vivid membrane.
The wax was then remelted at 150 °C for 5 minutes to completely fill the pore structure of the Vivid. A small amount of blood was
then dispensed onto the Vivid and the wicking behavior was observed. (A) Using unprocessed Vivid, the whole blood immediately
wicks through the larger pores and into the smaller pores on the underside of the membrane. (B) Using Vivid that had been printed
upon and reheated, the blood does not wick well into the membrane, instead sitting on top of the membrane. I hypothesize that the
membrane has been contaminated with oil from the printing process (likely from the transfer drum), affecting the hydrophilicity of

the membrane. Both images are taken 2 minutes after blood dispensing.

A.3 Vivid integration experiments — Lysis reagents

Figure A.3. Vivid experiments with potential lytic reagents dried down onto Fusion 5 membranes. A small circle of Vivid was

placed on top of a Fusion 5 membrane, and whole blood was added to the Vivid (according to manufacturer’s recommended
volumes). After 4 minutes, the Vivid membrane is removed, and the system is imaged. Various potential lytic agents were dried
down onto the Fusion 5 membrane previously. These included (A) 300 pg/mL proteinase K, (B) 10% (w/v) Triton-X 100 and 300
pg/mL proteinase K, and (C) 20% (w/v) Triton-X 100 and 300 pg/mL proteinase K. In all cases, the lytic agents were deposited
onto the Fusion 5 membrane and air-dried at room temperature. With increasing Triton-X concentrations, significantly more
hemolysis is visible in the underlying Fusion 5 membrane. This is likely due to the reagents diffusing upwards and interacting with
the trapped red blood cells in the Vivid membrane. While these experiments are not indicative of other potential lytic agents (as

proteinase K exhibits very little hemolysis), they signify that this is an area of necessary further investigation.
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A .4 Circular Hough Transform (CHT) Method Algorithm — MATLAB Based

clear all; close all; clc;

%% User Inputs
namefile = uigetfile("*tif");

%% Crop Image

figure(1)

preview=imread(namefile,1200);

imshow(preview,[0 max(max(preview))])

draw = drawrectangle('Color','b','FaceAlpha',0.01); % Select region of interest
rect = customWait(draw);

xmin = double(rect(1));

ymin = double(rect(2));

height = double(rect(4));

L = double(rect(3));

%% Compile Image Data

k = length(imfinfo(namefile)); %onumber of frames in data stack
for j=1:k

Image=imread(namefile,j); % read in multiple image tiff file
imcell=imcrop(Image,[xmin ymin L height]);

%Resample to higher pixel density

sz = size(imcell);

xg = l:sz(1);

yg = 1isz(2);

F = griddedInterpolant({xg,yg},double(imcell));
xq = (0:1/3:52(1))';

yq = (0:1/3:52(2))";

vq =F({xq,yq});

X(:,j) = vertcat(vq(:));
end

%% Smooth Data - Average Every N Frames
[m1,n1] = size(X);

aveint = 10;

X aveint = reshape(X, m1, aveint, nl/aveint);
X _smooth = squeeze(mean(X_aveint,2));

[m2,n2] = size(vq);
[m3,n3] = size(X_smooth);

%% Subtract Background - ATB Method

fr = 0.1*n3; %Frame that is 0.1 way through image stack
X back = mean(X_smooth(:,1:fr),2);

X new = bsxfun(@minus,X smooth,X back);
[m2,n2] = size(vq);
se = strel('disk’,15);

for i = 1:k/aveint

new = reshape(X_new(:,i),m2,n2);
new = mat2gray(new);
new_all(:,:,i)=new;

background = imopen(new,se);
newback = (new - background);
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J1 = newback;

J1_all(:,:,i) =J1;

[centers, radii, metric] = imfindcircles(J1,...
[8 20],'objectpolarity’,'bright');... % Alter for performance boost!
radii_all{i} = radii;

metric_all{i} = metric;

centers_all{i} = centers;

dots(i) = length(radii);

% Visualize dot size increase over time
metricbest = metric(metric>0.2);

averad(i) = mean(radii(1:length(metricbest)));
averad(isnan(averad))=0;

figure(2)
imshow(J1)

if isempty(centers) ==

figure(3)
plot(centers(:,1),-centers(:,2),'k.",'MarkerSize',15)
hold on

end

cle

end

%% Visualize Nucleation Sites

figure(2)

imshow(new_all(:,:,k/aveint/2))

for i = 1:k/aveint
viscircles(centers_all{i},radii_all{i},'EdgeColor’",'b');
end

figure(4)
imshow(new_all(:,:,k/aveint/2))
viscircles(centers_all{k/aveint/2},radii_all{k/aveint/2},'EdgeColor','b");

%% Number of Nucleation Sites Over Time
smoothdots = smoothdata(dots,'movmean',5);
round(max(smoothdots))

figure(5)

set(gcf,'Units','inches');

time = linspace(0,20,length(dots));
plot(time,dots)

hold on

plot(time,smoothdots)

ylabel('Number of Amplification Nucleation Sites')
xlabel("Time [min]')

Count = ans

A.5 Threshold Analyze Particles (TAP) Method Algorithm — ImageJ Based

run("Grouped Z Project...", "projection=[ Average Intensity] group=10");
run("Subtract Background...", "rolling=10 stack");

setSlice(48)

run("Make Binary", "method=Otsu background=Dark calculate");
run("Median...", "radius=2 stack");

run("Watershed", "stack");

run("Analyze Particles...", "size=20-Infinity exclude summarize stack");
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