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Abstract

Since the completion of the Human Genome Project in 2003, the nucleic acid (NA) code
has continually been leveraged to provide actionable information to patients for personalized
care and to enable statistically irrefutable matches for forensic human identification (HID). As
such, the research and development focused on the miniaturization and automation of tools for
NA analysis has increased year after year. Regardless of the application, the methods associated
with the preparation of genetic material for downstream analysis are arguably the most vital.
Briefly, the ability to recover and conserve NAs from sample enrichment, DNA extraction, or
epigenetic conversion will ultimately be outcome determinative of any associated assay. And yet,
many of these aforementioned benchtop techniques are considered labor-intensive, time-
consuming, and difficult to automate due to the harsh associated reagents, lengthy incubations,
and multitude of required pipetting steps. Furthermore, the performance of each process is
inconsistent from analyst-to-analyst and resulting in variable NA loss. This body of work describes
multiple microfluidic approaches aimed to streamline and enhance genetic and epigenetic
sample preparation methods, including bisulfite conversion, DNA extraction, and virion
enrichment.

As an alternative to forensic genetic identification by short tandem repeats (STRs), probing
epigenetic variation can provide information related to HID. In particular, examining the
methylation of cytosine at targeted locations along the genome has provided mechanisms to
differentiate between monozygotic twins, predict smoking habits, and estimate chronological age
within ~1 year of accuracy, to name a few. Unlike conventional testing by STR analysis,

methylation interrogation requires an extensive, multi-step sample preparation process resulting



in a magnitude of DNA loss. In particular, the bisulfite conversion (BSC) technique, which
chemically modifies all cytosine residues not containing a methyl tag to uracil, is known to result
in the loss of more than 50% of DNA. Chapter 2 describes the development of a rotationally-
driven microfluidic method for dynamic solid phase-BSC (dSP-BSC) that automates the sample
preparation process for up to four samples in parallel. By leveraging the microfluidic format and
reduced reaction volumes, incubation intervals were shortened by ~40% overall with maintained
DNA recovery and conversion efficiency compared to the conventional approach.

Chapter 3 focuses on the integration of DNA extraction by enzymatic lysis upstream from
BSC to enhance DNA recovery and couple the sample preparation workflow from extraction to
conversion. While gold-standard methods for DNA extraction involve cellular lysis followed by
silica-assisted purification of NAs, this work incorporates an alternative method for DNA
extraction based upon the introduction of a highly thermostable neutral protease from Bacillus
sp. strain EAl. Extraction by the EA1 enzyme permits NA preparation in a single tube and
eliminates the need for pro K, SDS, harsh chemicals, and silica purification altogether. Herein,
compatibility between EA1 and downstream BSC is established for the first time. Performance is
evaluated with standards, K-562 samples, and blood samples. Toward a fully integrated approach
to epigenetic sample preparation, a rotationally-driven device design in proposed and assessed
using colorimetric dye studies and preliminary testing with venous blood samples.

Utilizing similar microfluidic design features as those proposed in Chapters 2 — 3, Chapter
4 presents a method for the sample preparation of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) aimed for diagnostic testing via downstream RT-PCR. This work was

completed in response to the 2020 global pandemic and with support from the National Institutes



of Health (NIH) Rapid Acceleration of Diagnostics (RADx) initiative to enhance viral surveillance
and containment efforts. Once again, two sample preparation processes were coupled via a
rotationally-driven microfluidic interface. These included the enrichment of SARS-CoV-2 virions
by affinity-capture, magnetic nanoparticles and extraction by the EA1l enzyme. With the
integrated device, sample preparation was possible in under 15 minutes and for a total of up to
six samples in parallel. Performance of the device was comparable to a gold-standard method for
sample preparation and evaluated using standards, patient nasopharyngeal swabs, and contrived
saliva samples.

Chapter 5 highlights the ongoing studies and future work toward the microfluidic
integration of epigenetic sample preparation from extraction to conversion and discusses
persistent challenges associated with pyrosequencing and material-related fluid loss and
inhibition. Considering much of the work detailed in this dissertation was focused on the
development of a microfluidic tool for forensic genetic integration, the remaining focus of Chapter
5 highlights multiple trade-offs faced in the forensic landscape as it relates to the adaptation of
new scientific methods. Opportunity zones for microfluidic research and development within the
bounds of HID and criminal investigation are posited that might increase laboratory efficiency and

expand the capacity of forensic science services in the future.
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Chapter 1. Taking the Microfluidic Approach to Nucleic Acid Analysis in Forensics
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1.1. Introduction

Research proposing the miniaturization and automation of analytical tools for nucleic acid
(NA) analysis has boomed in recent years, with developers producing several clever techniques
with transformative potential in both clinical and forensic settings.! For forensic investigation, and
particularly human identification (HID), microfluidic methods have been proposed to expedite the
existing laborious and highly manual methods in specific use-cases, including DNA extraction and
short tandem repeat (STR) detection and analysis.? In some instances, completely automated

‘sample-to-answer’ systems have been designed to eliminate analyst intervention altogether,



ostensibly mitigating the variation associated with interoperability and reducing the likelihood for
contamination.?* This investigative arena has been identified as one that would benefit greatly
from microfluidic intervention for a number of reasons. From the perspective of the forensic
practitioners working in largely overburdened laboratories with limited resources, tools that
facilitate automation and limit contamination in concert with increasingly sensitive chemistries
and minimized perceived bias are a welcomed potential source of relief.>® For academics and
those looking to commercialize new technology, the applied nature of the work is both exciting
and rewarding. Furthermore, the implementation landscape is not as stringent or expensive as
other sectors (e.g., clinical), which often require approval from the Food and Drug Administration
(FDA); thus, the utilization of devices is driven largely by a perceived need within the community
itself and its successful validation with forensically-relevant samples.

Reports from the National Institute of Justice (NIJ), dating back to the early 2000s, predict
an increasing trend toward automation and miniaturization, anticipating DNA analysis at the
crime scene with portable and handheld microchips by 2010.7 Similar sentiments are echoed by
other organizations responsible for the oversight of forensic DNA analysis, including the National
Institute of Standards and Technology (NIST) and the International Criminal Police Organization
(INTERPOL), acknowledging the utility of ‘swab in - profile out’ systems for use at police booking
stations, border crossings, embassies, and traditional forensic laboratories.® Two decades later,
few microfluidic DNA technologies are commercially available and their adoption by agencies
interested in identification has been limited. From the author’s perspective, the forensic
community expected that microfluidics developers would produce a rapid, inexpensive, and

automated instrument that successfully and seamlessly miniaturized the sample preparation and



analysis steps associated with forensic DNA typing.® In reality, while Rapid DNA methods are
automated and do enable faster turnaround times, testing is significantly more expensive and not
comparable to conventional workflows in terms of sensitivity, reproducibility, and multiplex
capacity.'? It has been suggested that several major challenges have contributed to this outcome;
namely, the expectation that each step of the forensic DNA process could be simply miniaturized
and integrated into an automated device that produced an end-result comparable to a case
working laboratory.®

This introductory chapter aims to confer the relationship between microfluidics and
forensic HID, and the limited implementation of miniaturized tools for this small and niche
market.!! To this end, an abridged overview of microfluidic technology from a historical
perspective is provided, as well as an accounting of some of the miniaturized methods developed
for use with the genetic laboratory workflow as it relates to HID. Likewise, the unique advantages
and practical limitations associated with microfluidic integration of the HID workflow are also
considered. In fact, it was these unique advantages and practical limitations as it relates to the
forensic genetic market, that motivated the preponderance of research and development (R&D)
described in this dissertation. Briefly, much of this work involved a microfluidic mode designed to
streamline epigenetic sample preparation, a type of genetic analysis that is only recently
translating from academia to industry despite hundreds of research articles suggesting the
relationships between epigenetic information and HID.1%13 Instead of developing a tool meant to
displace an existing benchtop approach already in routine use, the microfluidic method designed
and evaluated through R&D sought to make epigenetic analysis more accessible for forensic

laboratories. In this vein, this introductory chapter closes with a discussion of the role of



epigenomics in forensic HID and the associated issues that led to its limited routine use.
Additionally, a description of the limited microfluidic methods proposed to mitigate issues with

sample preparation is provided.

1.2. A Brief Primer on Microfluidics

Microfluidics can be defined as involving precise manipulation of small (micro- to nano-
liter) fluid volumes within designed architectures featuring dimensions on the nano- or
micrometer scale; however, the discipline is more aptly described in terms of functional capacity
rather than by size restrictions.* Microdevices, including ‘lab-on-a-chip’!®> and ‘lab-on-a-Disc’!®
formats, aim to integrate multiple analytical processes on a single interface, typically consuming
smaller reagent volumes and offering rapid analysis times with minimal to no manual
intervention. Early innovation indicated the promise that micro-total analysis systems (UTAS) held
for changing lab-based and field-deployable analyses; as a result, interest was intense, and
excitement and potential end-user expectations were high'’. Over the course of three decades,
fabrication techniques and requisite assay performance improved remarkably, but this shifted the
burden to process integration and hardware challenges that required more improvement to
minimize the trade-offs associated with adoption. For NA analysis in particular, the development
of techniques for processes such as DNA extraction, amplification, and separation have not been

simple to microscale.

1.2.1. An Abridged History of Microfluidic Technology. When viewed at a high level, the history

of microfluidics in the context of forensic HID follows the Gartner Hype Cycle Model*® fairly well,



including the five key phases in a technology life cycle of: a technology trigger, a peak of inflated
expectations, a trough of disillusionment, a slope of enlightenment, and finally, a plateau of
productivity (Fig. 1-1). It can be argued that the Innovation Trigger for microfluidics occurred in
the early 1990s, leveraging 20+ years of development in the microelectronics industry, where the
photolithographic processing of silicon set the stage for etching silica substrates.!® Manz et al.
were the first to coin the term “micro-total analysis systems”, inciting an Era of Innovation in the
field, and the development of research-based devices.?? Initial techniques were focused on

clinical applications and the analysis of clinically-relevant analytes via microchip
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Figure 1-1. Timeline of milestones. Demonstrating progress toward integrated microdevices
for forensic human identification relating to the Gartner Hype Plot. Figure adapted from
Turiello et al. 2023.11



electrophoresis.?! In parallel, microscale electrophoresis gave the Human Genome Project a
much-needed boost when rapid, sensitive, high-throughput and high-resolution separation
methods for NA analysis were desperately needed.?? The advantages of capillary electrophoresis
(CE) spilled over into clinical chemistry labs, as a means of expediting micro separations. However,
it became clear that translating to glass or silicon microdevices would ultimately require
integration of the sample preparation processes. The cost of these materials emphasized the
need for technological innovation toward the development of microdevices amenable to rapid

prototyping and ultimately point of need (PON) utilization.

1.2.2. General Approaches to Fluidics at the Microscale. The development of analytical tools at
the microscale requires careful consideration of the multiple processes, often orthogonal in
nature, that must be effectively interfaced to form a fully-integrated system. The mode(s) of fluid
transport must be judiciously selected, and the desired substrate must be compatible with those

processes, yet manufacturable and cost-effective. With regard to fluid flow control, microdevices

Microfluidic Modes of Fluid Transport

Acoustic Capillary Centrifugal Electrokinetic Pneumatic

Electroosmotic Flow  Electrophoresis
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Figure 1-2. Microfluidic approaches to fluid transport. Diagram demonstrating the five
primary mechanisms for fluid transport. Figures representing fluid flow for acoustic, capillary,
centrifugal, electrokinetic, and pneumatic adapted from Turiello et al. 2023.1!



can be divided into five general categories based on method(s) utilized, which include acoustic-

23 15 15
’

capillary-,*> centrifugal-,?* electrokinetic-,*> and pneumatic?® action (Fig. 1-2). Similarly,
selection of the substrate for creating microdevices plays into the final ‘cost per test’. For example,
cyclic olefin copolymer (COC) can be orders of magnitude more expensive than
polymethylmethacrylate (PMMA), impacting the overall cost, assay performance, and ease of
device fabrication. More recent development has focused on polymeric substrates, including
elastomers, such as poly(dimethylsiloxane) (PDMS), glassy polymers, such as PMMA, and
thermoplastics, like polycarbonate (PC), polyethylene terephthalate (PET), and COC. Polymeric
materials are compatible with simpler manufacturing processes, such as soft lithography,
embossing, injection molding, and laser ablation — techniques that can be used for cost-effective
development.?627.28 Qverall, the goal is to stitch together a series of processes that ‘mimic’
conventional, manual workflows, including fluidic mixing, metering, valving, heating, reacting,
and separating, but in a closed, automated microsystem. This is where some of the other
attributes of microfluidics not discussed here come into play. Flow at the microscale involves
‘laminar’ or smooth “plug’ flow smooth, unlike the ‘turbulent’ flow observed with larger scale
features, and this is ideal for processes like electrophoresis, where high resolution DNA separation
may be desired.?® However, one of the most trivial bench processes, mixing, can be challenging
due to the laminar flow, but ‘micromixing’ strategies have been developed to address this.? Also
important is the fact that in microfluidic architecture, the surface area (SA) that fluid is exposed
to in channels is large, relative to the volume of fluid (V) those channels contain. In fact, the

microscale SA:V ratio may be orders of magnitude larger in microfluidics than its benchtop

counterparts (e.g., 200x for CE versus ME). This is advantageous when there is a need to dissipate



Joule heat from processes that generate it and it is for this reason that application of high voltage
is not detrimental to ultrafast electrophoretic DNA separations.3® However, the large SA:V also
provides a vast surface for adsorption of analytes, leading to a potential for loss of
sample/reagent that is never even considered when using polypropylene tubes. Taking all of this
into account, researchers have successfully demonstrated large scale integration is possible for
complex biochemical assays, with a growing toolkit of independent ‘unit operations’ available to
generate both proof-of-concept and commercializable microdevices.! It is the author’s
perspective that this contributed to the inflated expectations of researchers and practitioners that

microfluidic systems would become ubiquitous in the near future.

1.2.3. Current State of Microfluidics in Forensics. As researchers perfected the ability to mimic
CE in a planar glass substrate, it became clear that the uTAS that Manz described would require
integration of several standard NA analysis processes, and this was not trivial. Ultimately, an
analysis of the collective literature reveals that this stalled the progress of microfluidics, whereby
sample processing was seamlessly interfaced with the analytical step. Complete integration
required careful consideration of valving strategy, providing robust mechanisms to
simultaneously isolate different domains on the chip, while physically and fluidically connecting
them at will.3132 Not only did the advent of valving strategies allow for fluidic connections
between different parts of the microfluidic architecture, it permitted large scale integration,
leading to complex, integrated sample-to-answer systems that set the stage for Rapid DNA.33 Of
course, research in Rapid DNA microtechnology promoted widespread enthusiasm for an

integrated microfluidic system that could carry out HID, in an automated manner.® The FBI’s 2010



Rapid DNA Initiative laid out the expectations for microfluidic systems to integrate multiple
existing workflows into one rapid, automated instrument for HID.34 This program was established
to direct the development and implementation of Rapid DNA systems for swab in-profile out STR
analysis performed by untrained users in 1-2 hours. Participating research institutions were
provided with a list of expected performance criteria that included both “threshold” and “goal”
target deliverables; this list contained four categories of requirements, dealing with the systems
themselves, extraction and purification, amplification and separation/detection, and
output/analysis. Each category highlighted features such as cost per sample, post-extraction
sample purity, target multiplex capacity, and CODIS compatibility, to name only a few. Table 1-1
highlights many of these performance criteria and the expected output anticipated to be met by
microfluidics R&D teams. Ultimately, projects required more trade-offs than originally
anticipated, and interest and funding appeared to diminish as the projected timelines to
completion came and went.” To make adoption possible, the endeavor has required additional
R&D, more time to mature, and an acknowledgement from funding institutions and end-users
that there would be tangible trade-offs associated with the microfluidic approach, most likely in
the form of cost, sensitivity, speed, and/or throughput.

After a modest investment from industry and government agencies, some Rapid DNA
technologies were commercialized and trade-offs materialized into limitations, including
decreased sensitivity compared to macroscale methods, and higher costs than originally
anticipated for both the instrument and sample analysis. End-point user acknowledgement of

these trade-offs meant narrowing use-cases to buccal reference and arrestee samples for

whatever technology was available at the time; this ensured fair treatment of those presumed



Category

System Requirements

Extraction/Purification
Requirements

Amplification &
Separation/Detection
Requirements

Output/Analysis Requirements

Rapid DNA System Performance Criteria

Attribute Threshold Goal
Sample-to-Profile Analysis Time 1hr 45 min
Channels/Sample per Analysis 8 216
Sample Types Buccal swab ctandarde, toven/race
Reference Samples Yes Yes
Trace Performance - Full profile with <50 pg DNA
Size 29"x16"x 21" 25"x 15" x 20"
Weight <1101b <1001b
Portable/Ruggedized Yes Yes
Reagent Storage Time Limit 3 months 6 months
Reagent Storage Temperature Limit 20°C - 30°C -10°C - 40°C
Cost per Instrument < $275K < $75K
Cost per Sample <$75 <$20
Set-Up Time <15min <10 min
g:::::?tsl:::.l;\{ :vsith Fresh and Dried Yes Yes
Automated Extraction/Purification Yes Yes
Quantitation No No
Purity Equivalent to Gold-Standard Yes Yes
Rapid Amplification (s 16 Loci) <30 min <10 min
5-Color Detection Yes Yes
Detection Resolution Single bp Single bp
COTS Reagent Compatibility Yes Yes

Full STR Profile Detection Yes (< 16 loci) Yes (< 16 loci)

Acceptable Signal Strength, Peak-

Height Ratio, Stutter, and Inter-Loci Yes Yes

Balance

CODIS Compatible Format Yes Yes
ey
Raw Data Output Available Yes Yes
Privacy/Security Capabilities Yes Yes
Unique Sample Identifier Yes Yes
External Profile Communication Yes Yes

Table 1-1. Threshold and goal performance criteria for Rapid DNA tools. Table adapted from

Turiello et al. 2023.11
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innocent and entered into DNA databases and conserved finite crime scene materials. With the
Rapid DNA Act of 2017 and the requisite update to the FBI Quality Assurance Standards (QAS),3>:3¢
end-users have had the opportunity to engage with microfluidic technology and have a better
understanding that miniaturizing existing workflows on these fully-automated systems was not
inconsequential. As Rapid DNA technology has slowly become more robust from continued,
targeted development and the inclusion of more compatible use-cases through published
validations, we consider the possibility that forensic microfluidic techniques are trending toward
enlightenment. At present, these technologies are used in limited capacity for reference profiles
and at booking stations, however, guidelines for use with crime scene samples for non-CODIS
cases and corresponding considerations for court have been shared with law enforcement
agencies.?’ Likewise, the FBI has established a separate database, the DNA Index of Special
Concern (DISC), that includes generated profiles from crime scenes originating from select
unsolved homicides, sexual assaults, and kidnapping and terrorism cases for arrestee matching.
A trend toward enlightenment is also supported by the institutional standardization of
microfluidic methods for device prototyping, manufacturing, and analysis and an
acknowledgment from funding agencies that while the use of these instruments are limited now,

further R&D will enable applications to casework.37/3839,40

1.3. Microfluidic Technology for Forensic Human Identification
Motivation for developing microfluidic forensic HID systems is discussed more thoroughly
in Chapter 5; but generally, researchers and commercial entities view forensics as exciting and

application-driven, and, at least in theory, involving fewer barriers to market entry compared with
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Figure 1-3. The typical forensic DNA workflow. Sample pre-processing includes collection,
either from the crime scene or an item of evidence, and serology. The genetic laboratory

workflow begins with DNA extraction, and further includes quantification, amplification, CE,
and interpretation. Figure adapted from Turiello et al. 2023.1!

HHHI

drug discovery or clinical diagnostic microsystems. Thus, prior to and in concert with, the
development of fully-integrated instruments for forensic genetic analysis, researchers explored
the ways in which components of the DNA workflow could be adapted to the microscale, with
numerous publications spanning several years.»>?* The typical forensic procedure (Fig. 1-3)
begins at the crime scene: pre-processing includes sample collection, followed by serological
analysis to identify forensically-relevant body fluids and define probative items suitable for
downstream NA analysis. Sample preparation, including cell lysis and NA purification, marks the
beginning of the genetic laboratory workflow and may include a method for differential cell lysis
with suspected sperm contributions. An intermediate concentration determination step via real-
time quantitative PCR (qPCR) enables quantification of genetic contributions to normalize input
concentrations prior to multiplexed amplification and separation via CE. Finally, resultant
electrophoretic profiles are interpreted by highly trained personnel for comparison to reference
profiles and/or database searching. From a microfluidics perspective, development of micro-
processes to ‘mimic’ each traditionally laborious step required clever, strategic considerations of
principles spanning multiple disciplines. The following sections details some of these

considerations and the progress made by microfluidic researchers and commercial entities
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toward the automation of this workflow, beginning with NA extraction. Descriptions below are
not intended to act as a comprehensive review of the literature, as plenty of these exist already;
instead, this chapter serves to provide some insight into the difficulties, breakthroughs, and

progress made toward adaptation.

1.3.1. Nucleic Acid Lysis and Purification. The extraction of genetic material from purported
forensic stains is arguably the most vital part of the forensic identification process chain.
Downstream amplification and detection by either separation techniques (e.g., STR analysis) or

sequencing, rely on the complete lysis and isolation of NAs from other cellular material and

» MNW ) | s — = 1 e
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Isolate DNA \ " Multi-locus

DNA Analysis Database Inquiry - Match

DNA from Compare to the DNA database Match confirmed with a
‘person-of-interest’ ‘person-of-interest’

Figure 1-4. STR profiling for forensic human identification. Genetic material is isolated from
unknown persons, amplified, and separated to develop an STR profile for database or
reference matching. Figure adapted from Clark and Turiello et al. 2020.4
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inhibitors.® The ability to ‘match’ STR profiles, either to references from known persons or
database entries is largely depended upon this step (Fig. 1-4).*! Cell lysis occurs with the
introduction of mechanical, chemical, and/or thermal energy; processes that are ostensibly
amenable to integration with a variety of microdevices.*? Cellular lysis and the isolation of genetic
material via a solid phase (e.g., silica) or functionalized particle was adapted for the microscale
successfully;*44 however, the development of an extraction protocol for forensic samples is
exceptionally complicated, as the process must be compatible with a wide variety of raw sample
types and capable of removing pervasive environmental contaminants known to inhibit PCR,
including dyes from denim and tannins.*®> At present, sample-to-answer commercial systems for
rapid forensic identification that incorporate NA preparation are available and approved for
database searching from reference samples in the United States, however, they require further
development to reproducibly deal with complex samples, low NA concentrations, and non-swab
substrates.3* Work is underway to expand the use of these systems in terms of input sample, with
multiple published applications and validations for non-swab substrates, including post-mortem
bloodstains, body fluids, and bone samples.**4"48 The extraction processes associated with these
technologies have been detailed elsewhere; notably, each system utilizes completely different
strategies for preparation, with purification being omitted entirely in some instances.*® Multiple
reviews detailing proposed strategies for NA lysis or purification at the microscale and their
potential for automation and integration with downstream techniques date back to 2000.42:44 4549

Further complicating NA sample preparation, forensic laboratories are also faced with a
multitude of evidence from sexual assault cases, often containing cellular mixtures from both the

victim and the alleged perpetrator. In these cases, differential extraction (DE) is required to
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the interest of cell sorting at the microfluidic scale for the treatment of sexual assault evidence,
several groups have elected to omit centrifugation entirely, instead relying on separation methods
that exploit the different cellular characteristics of sperm and non-sperm contributions. For
instance, by leveraging the sperm cell’s affinity for the Sialyl-Lewisx (SLEX) molecule found on the
surface of female oocytes, microfluidic affinity-based sorting has resulted in high sperm capture
rates (52 - 88%) post-lysis.°! Taking advantage of the size and density differences, some
techniques have used hydrodynamic sorting, either relying on sedimentation with controlled flow

rates or upon the laminar flow observed at the microscale.”?>® Acoustic differential extraction
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leverages particle size, density, and compressibility to “trap” sperm cells at a low pressure node
in a standing acoustic wave on hybrid PDMS/glass microchips.>*>> Similarly, optical trapping has
also been applied to cell sorting on a microfluidic interface to enable sperm cell isolation via a
high-density focused laser beam.>® Finally, dielectrophoresis has been exploited as an elegant
mode for isolation of cells by subjecting them to a tuned, nonuniform electric field for cell capture
and downstream lysis, as with the DEPArray system.>’ Unfortunately, current techniques aimed
to provide ease of sample preparation in this area echo the shortcomings of liquid handling
systems: most are not currently capable of full integration and some level of manual intervention

is required.*

1.3.2. DNA Amplification and Quantitation. Compared to other parts of the forensic DNA
workflow, DNA amplification is one area in which the advantages of microfluidics are clear and
thoroughly characterized in the literature.>®°960.61.62 pCR amplification requires repeated heating
and cooling to drive enzymatic and chemical processes that generate hundreds of millions of
copies of genetic transcripts for analysis; at the macroscale and on the surface, this step is limited
by diffusion and heat transfer in (relatively) large reaction volumes, and the interfacing rapid
temperature ramping ability of the system. With microfluidics, smaller reaction volumes and
higher SA:V ratios in microchambers enable rapid heat transfer and shorter distances reduce
diffusion limits between reagents and DNA transcripts.®® Microfluidic thermal cycling can be
enabled by resistive heaters, infrared energy, microwave energy, and thermoelectric devices; all
can provide rapid and localized heating, but require feedback controls to ensure reaction volumes

are reaching the intended temperatures.®! The transition of a sample through the temperatures
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required to promote the denaturation, annealing, and extension phases of the reaction, can be
accomplished by two primary modes involving either flow through a microchannel or stationary
heating in a microchamber.®® Flow-through, or ‘space domain PCR’, methods involve the
continuous flow of the reaction through distinct temperature zones via serpentine, spiral, circular,
or oscillating microchannels.®*®* While this a clever exploitation of microfluidics for PCR, the
‘stationary’ method dominates by far, wherein thermal cycling is accomplished in a stationary
fluid situated in a PCR chamber and is time-dependent. ‘Time domain PCR’ modes offer more
flexibility for reaction heating and cooling profiles, and are more amenable to integration with

sample preparation and/or detection on a microdevice.®®® With these methods, total PCR
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Figure 1-6. Amplification of human genomic DNA (hgDNA) using an in-house instrument for
rapid amplification and detection. (A) Table detailing the amplification details for three
different protocols and their resultant (B) thermal cycling and (C) amplification profiles for
each condition. Figure adapted from Nouwairi et al. 2022.%°
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reaction times may can be minimized while maintaining PCR efficiency by hitting the desired
temperatures through extremely fast ramp rates (heating and cooling), reduction of dwell times,
and an increase in primer and polymerase concentrations.®®®” While forensic HID systems have
done a remarkable job compressing the total forensic workflow into a sub-90 minute analytical
time (e.g., expedited PCR completed in 20 minutes), this may not represent the full potential of
microfluidics. For example, microfluidic DNA amplification has been demonstrated to be
extremely rapid; 30 cycles of PCR 240 s,°8 and 45 cycles in 8.75 minutes (Fig. 1-6).%° However, this
last point necessitates that commercial multiplexed forensic HID kit chemistries intended for
conventional volumes and thermocycling speeds, will require adjustment prior to being adapted
to the microscale. With regard to PCR, there are chemical, physical, and biological aspects of this
analytical step that require consideration; with microfluidics, we can overcome the physical
limitations, but not necessarily the chemical (e.g., primers and salts) or biological (e.g.,
polymerases). Thus, an important caveat is that the longer dwell times associated with
conventional thermocycling parameters are optimized for their ability to maintain efficiency
across all targets in a multiplex reaction and encourage peak height balance across the genetic
profile. In other words, forensic STR multiplex kits are developed with the chemical and biological
aspects of the reaction in mind over speed.”® It follows that a loss in sensitivity and/or specificity
of a heavily multiplexed reaction with rapid, microfluidic HID is possible and could dictate
redesign of primers or use of more efficient polymerases, to name a few. Additionally, fluidic
microchips and/or cartridges designed to avoid cold-chain storage, may require further
modification of buffer/salt concentrations for the rehydration of lyophilized or dehydrated

reagents.
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Quantitative real-time PCR (gPCR) involves intermittent measurement of a fluorescent
signal during thermocycling. This is important within the context of the conventional DNA
workflow, where the quantification of human autosomal and Y-chromosome DNA precedes
multiplexed amplification for HID to ensure an optimized mass of input DNA is utilized.3> Here,
qguantification is based upon the dilution of similarly amplified standards and the cycle threshold
(Ct) values they produce; sample DNA concentration is obtained by comparison to a standard
curve.® Despite great success with microfluidic amplification and the development of
multicapillary detection systems to make fluorescent monitoring possible, most devices do not
incorporate quantification.? This is likely due to domination of the PCR market by clinical
diagnostics, where larger sample volumes are available. From a demand-based standpoint,
incorporating qPCR with further downstream analysis by CE or sequencing is not traditionally
necessary for clinical applications, in which input concentrations are less stochastic and variable
than those experienced with forensic samples. From a microengineering perspective, while gPCR
has been accomplished with microsystems, avoidance is ideal, especially if integrated
downstream analysis is required, as simultaneous heating and fluorescence monitoring gets
complicated. Most commonly, heating is accomplished with non-contact systems, such as lamps
and lasers, or contact thermoelectric modules (TEM).%> Non-contact heating is great from a
detection perspective, since the chamber is not obscured and available for monitoring
throughout the reaction from all sides; however, preferential compatibility with non-polymeric
substrates (e.g., glass) increases the cost per chip and complexity associated with device
fabrication’!. Alternatively, efficient contact heating that requires coverage from two sides to

eliminate the possibility of temperature non-uniformity obscures the reaction chamber from
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detection.®® Notably, as it pertains to forensic quantification: if the conventional method were to
simply be miniaturized for forensic Rapid HID, microsystems would require the incorporation of
additional chambers and channels to facilitate the amplification and detection of known
concentration standards and some method for feedback to inform downstream procedures. In
essence, overcoming the complications associated with micro-quantification in fully-integrated
systems would require alternative strategies, such as metering from more standard inputs or

incorporating solid phase materials with known binding capacity.’?

1.3.3. STR Analysis by Microchip Electrophoresis. Capillary electrophoresis is the principal
technique for separation and fluorescence detection of STR alleles.® At its core, CE involves
electrokinetic injection of amplicons and a voltage-driven, size-based separation through a long
(30-60 cm), circular silica capillary. As fluorescently-tagged amplicons traverse across a detection
window they are excited via laser-induced fluorescence, monitored by an on-board detection
system, and analyzed with automated software to produce an electropherogram.?® Commercially
available instruments must be able to spatially resolve amplicons down to single nucleotides,
spectrally resolve multiple fluorescent dyes, and precisely size DNA fragments for accurate STR
typing.

The earliest and most common examples of miniaturization were applied to the
electrophoresis of clinically-relevant analytes, given that the relative simplicity of capillaries and
mechanisms that generate separation translate well to microfluidics.?® Early iterations of
microchip electrophoresis (ME) consisted of circular channels that were reminiscent of small-bore

capillaries and fabricated with glass. Glass devices recreated a separation environment akin to
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conventional CE but with significantly shorter channel lengths enabling rapid separations 10-100
times faster than conventional instrumentation.® Following the development of microchannels in
glass, researchers developed cost-effective polymeric-based devices for ME using optically-clear
materials compatible with fluorescence detection.?! However, despite the reduced cost and time
associated with these technologies, the single-base pair resolution required for STR analysis and
sequencing was challenging to achieve relative to conventional options. In devices that
demonstrated single-base resolution — as was the case with Mathies’ elegant, disc-shaped 96-
lane microcapillary array’”®> — upstream sample preparation was still required off-chip.
Incorporation of ME with other workflows is often omitted as this requires integration of complex
hardware, including fluorescent detectors for separation, electrodes for voltage application, and
heating elements for amplification. Despite the fact that this particular portion of the NA analysis
workflow has received the majority of funding and time, fully integrated Rapid DNA systems still
make use of a modified capillary for STR analysis, similar to commercial benchtop genetic

analyzers.

1.3.4. Sample-to-Answer Systems. The greatest advantage of microfluidic devices for NA analysis
the ability to seamlessly integrate sample preparation with the analytical (read-out) step, thus
enabling the automation of workflows and decreasing the analysis time, labor, and cost
associated with traditional sample processing.”* Yet, for forensic DNA analysis, few sample-to-
answer systems have garnered enough traction and funding for commercialization despite early

predictions that portable, integrated microdevices would be available for use with case work
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samples by 2020.” Following the 2010 Rapid DNA Initiative, multiple groups worked to develop
fully-integrated systems for forensic DNA analysis.®

The University of Arizona in concert with the Forensic Science Service (UK) developed an
integrated sample-to-answer system that produced a DNA profile in less than 4 hours and with
resolution of 1.2 base pairs (bps).”> Simultaneously, Lockheed Martin, in collaboration with
ZyGEM, MicrolLab Diagnostics, and the Landers group at the University of Virginia, developed a 4-
sample microchip system that incorporated liquid NA extraction, multiplexed amplification, and
microchip electrophoresis in approximately 2 hours with single bp resolution and a much smaller
chip size.”®’778 Later, the Landers group secured federal funding to further decrease the device
footprint with the development of an alternative microCD method for analysis from buccal swabs
that produced limited loci (10) single-source profiles in under an hour.”® Earlier, LGC Forensics
brought to market a Tagman-based, non-electrophoretic, limited loci STR profiling rapid
instrument intended for crime scene use; the ParaDNA Intelligence Test typed a total of 5 markers
for HID in 75 minutes.?% IntegenX and Mathies’ research group at the University of California-
Berkeley also developed a fully-automated prototype device that could provide results in three
hours with enhanced limits of detection (LOD = 2.5 ng DNA input) resulting from integrated post-
PCR clean-up and a pre-CE streptavidin-based enrichment strategy.8! Network Biosystems
(NetBio) and the Whitehead Institute of the Massachusetts Institute of Technology (MIT)
incrementally worked toward a fully-integrated system with the Genebench-FX, which enabled
the rapid, microfluidic separation and detection of STRs, mini-STRs, and mitochondrial DNA

sequences.??
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Eventually, the latter two technologies advanced adequately for government testing. The
IntegenX system was a microfluidic/capillary electrophoresis hybrid, ‘multi-sample-to-answer’
platform (late 2012), and announced a UK-based partnership with Key Forensic Services and
publishing several developmental and internal validations with multiple collaborating agencies
for years after.””838* Acquisition of IntegenX by Thermo Fisher Scientific in 2018 launched a
significantly-modified, single-sample version of the technology into the commercial sector, and
years of R&D culminated into the RapidHIT device portfolio. Contemporaneously, NetBio was
exclusively funded for further development by a government-based consortium composed of the
Federal Bureau of Investigation (FBI), the Department of Defense (DoD), and the Department of
Homeland Security (DHS). Today, the Accelerated Nuclear DNA Equipment (ANDE) 6C Rapid DNA
ID System is commercially-available in the form of a ruggedized platform marketed for PON DNA
analysis. The specifications that make each system unique are collated in Table 1-2 for ease of
comparison.*”8 A maturity assessment of these technologies was completed by the NIST in 2018
to demonstrate success with single-source samples®® and it was around this time that multiple
agencies published their position statements in support of limiting the use of Rapid DNA
technologies in terms of accessing DNA databases.®%878 Beyond limiting the use, a consortium
of forensic oversight bodies responded to the assessment highlighting five major areas of concern
that require further evaluation before certain use-case scenarios could be expanded beyond
reference profile generation.!® Recommendations focused on transparency (i.e., the provision of
raw data and well-defined developmental validations), standardization via the integration of

internal positive controls, fully-automated on-board expert systems, and improved performance
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Rapid DNA System
Comparison

System Cost

Cost per Sample

Analysis time
Investigative

Time
Hands-On Time

System Size
(LxW x H)

Cold Storage

Practical
Implementation

Throughput

NDIS Approval

RapidHIT ID System

Primary
Cartridges 1

Elctrophoretc polymerfgel
cartidge

ANDE 6C Rapid DNA System

~150 — 200 k ~250 k
~$150/sample ~$250/sample
90 mins 90 mins
~1 minute ~1 minute

19 x 10.5 x 21 inches
62.6 lbs

17.7 x 29.5 x 23.6 inches
117 lbs

Required

Not Required

1 sample per run

4 -5 samples per run

v

v

Table 1-2. Comparison of current commercially-available rapid DNA instrumentation. The table
compares each in terms of cost, investigative time, and practical implementation for use at the
PON. Figures adapted from Turiello et al. 2023.1!

for low quantity and mixed samples.’® Likewise, the microfluidics community is working to

standardize microfluidic-based devices for more robust performance and ease of

commercialization;*° in 2017, the first Workshop on Standards for Microfluidics was hosted by

NIST, supporting better communication, and standardizing testing and manufacturing practices.3®
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1.4. Microfluidics in the Forensic DNA Laboratory

The application of microfluidic technology to forensic NA processing and analysis is
desirable for a number of reasons. Laboratories are largely overburdened, with the demand for
services greatly outpacing resources and creating a steadily increasing backlog that ultimately
impacts investigative and prosecutorial efforts.” Technology with the capacity to disrupt this cycle
should be rapid, automated, cost-effective, and permit facile integration with the existing
infrastructure. Microfluidic modes of analysis offer several of these advantages, but are perceived
as lacking in sensitivity and suitability to be used at the PON when compared to their conventional
counterparts.®%87.88 Beyond trade-offs, discussed further in Chapter 5 of this manuscript, it is this
author’s perspective that the cultural landscape for implementation of these new techniques is

complex and has led to the limited use of commercialized sample-to-answer platforms.

1.4.1. Unique Advantages Offered by Microfluidics. Regardless of the approach to fluid
flow control, microfluidic modes of analysis are advantageous for a number of pertinent reasons.
At a foundational level, miniaturized interfaces support the use of reduced reagent volumes as
well as architectural features with increased SA:V ratios compared with traditional reaction tubes
and spin-columns. These features alone set them apart from conventional methods by enabling
fast analysis times, increased sensitivity, smaller footprints, and lower costs at scale. A list of
microfluidic devices for point-of-care (POC) diagnostics that realize these benefits in the form of
commercialized devices has recently been published.® In leveraging the physics of fluid flow,
molecular motion and heat transfer, rapid heating and mixing are possible at the microscale, thus,

decreasing overall reaction times compared to traditional workflows. Moreover, all of the
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characteristics that make microfluidics advantageous can, in combination, lead to enhanced assay
sensitivity, particularly by minimizing processes in the workflow where exposure to harsh
conditions is detrimental.®>! The reduction in scale inherent with microfluidic technology
presents a tangible potential for instruments with a smaller footprint, which would not only
benefit [aboratories with limited bench space, but allow for a smaller instrument size that would
be critical for direct analysis at the crime scene.”> Consequently, by reducing reagent volumes and
decreasing instrument size and complexity, the cost of the system is in theory reduced. In addition
to the clear benefits afforded by an expedited approach to executing NA analysis, microfluidic
systems are ideally designed by multidisciplinary teams with the end-user in mind. In this pursuit,
the development of both microdevices and the associated instruments, requires blurring of the
lines between chemistry, materials science engineering, mechatronics and physics, in order to
create practical solutions for use in the real world.®? Given the advances in molecular diagnostics
with microfluidic systems, it follows that approaches could be developed for use with HID. For the
end-user, microfluidic tools for forensic NA analysis should reduce risks associated with
contamination and analyst-to-analyst variation. Additionally, a sample-to-result system that is
automated should enhance efficiency in the lab, by limiting intervention and freeing analysts to
tackle case backlog reduction, complete data interpretation, and provide alternative investigative

services.

1.4.2. Practical Limitations to Overcome with Microfluidic Methods. While the promise
that microfluidic technology presented in the early 1990s was vast, the reality is that few

commercial products have been delivered.?® In fact, only very recently have microfluidic devices
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experienced exponential success, with a compound annual growth rate of 22% as of 2017.%0 It
may be surmised that the attenuation of growth early on can been attributed to several factors,
including a disconnect between academics and professionals in target markets, the general
scarcity of functional, manufacturable, fully-integrated systems, and a lack of standardization in
the field.

A cursory search of the literature in any niche microfluidic application finds a series of
proof-of-concept microsystems purporting to outperform existing methods in terms of speed,
sensitivity, and cost, to name a few. Thus far, a negligible percentage of applications realize their
full potential, for a variety of reasons including that they were not designed with
commercialization in mind and/or researchers did not consider compatibility with existing
laboratory infrastructures.®® Compatibility issues can be avoided by integrating the entire
workflow into a single UTAS; however, some processes are less amenable to microminiaturization
and integration and, hence, require some level of off-chip pretreatment or downstream
analysis.?* For those processes that are integratable, the difficulties are the following: 1)
committing to a mode of liquid transport that is compatible with all of the processes in a multi-
step workflow, 2) the selection of a versatile, affordable fabrication material (e.g., silica, COC,
PDMS, etc.), 3) successful incorporation with modular components, and 4) interfacing with a
supporting instrument. For example, a UTAS for NA analysis may employ pneumatic pumpingin a
polymeric substrate for extraction and amplification, but require electrokinetic injection to drive
resultant analytes through a microchannel; the integration of these ostensibly closed channel
modular components and their interfacing pumps, heating elements, electrodes, and detectors

is not trivial. A suggestion to decrease the complexity associated with microdevice development
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and enhance system reproducibility is to focus the path by implementing professional standards,
a process that is still largely underway, as previously mentioned.383940

Generally, analytical microsystems that automate one or several steps of the forensic DNA
typing workflow, possess some inherent limitations that end-users should be aware of. First, the
microliter volumes that are touted as part of the value proposition for microfluidics, can be
problematic with sampling-related reduction in assay sensitivities. For example, when a swab or
swab cutting is inserted into a microchip for NA extraction, a comparatively ‘large’ volume of
liquid is required to saturate the swab, likely exceeding what is ideal for effective microfluidic
lysis/extraction. Another example involves washing of the outer surface of a condom to collect
genetic material; several milliliters of ‘wash’ could result, and this volume is enormous by
microfluidic standards. Within the microfluidics community, this phenomenon is referred to as
the ‘macro-to-micro interface’ challenge.® This issue can be mitigated with the clever use of
enrichment techniques that may exploit additional solid phases upstream of extraction, or
employ modular components that increase the capacity for larger on-board fluid volumes.
Largely, these issues can be resolved through integration of the known processes from an ever-
increasing microfluidic toolkit and, together with improvements to commercial forensic kit
chemistries designed to mitigate the stochastic effects typically encountered with heavily
degraded forensic stains and touch DNA samples. With the Rapid DNA technologies that exist
today, lower sensitivity is generally observed relative to their macroscale counterparts, and, as
discussed, this has sparked debate regarding their ultimate suitability for use with evidence

samples at the crime scene.”®
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Other criticisms involving the use of Rapid DNA systems at the PON involve the lack of
integrated DNA quantification.®> The conventional DNA typing workflow includes amplification-
based quantitation to assess the concentration of unknown genetic contributions so that reaction
volumes may be adjusted for normalized analysis and the deconvolution of DNA mixtures.
‘Miniaturizing’ this portion of the workflow in an integrated format would require dividing the
eluate following extraction and completing gPCR along with a set of internal standards of known
concentrations to define the volume of the remaining extract for multiplexed amplification. Given
the complexity of incorporating a multistep workflow that requires feedback mid-analysis and the
fact that current Rapid instruments were designed for reference buccal swabs, quantitation was
not built into these systems. At present, this precludes them from searching and storing DNA
profiles originating from crime scenes in CODIS. Furthermore, a lack of quantification and
subsequent input concentration normalization in currently available instruments may result in
less than ideal electrophoretic results, leading to complications with the typing and analysis of
DNA mixtures. Given that the majority of crime scene stains contain genetic material from
multiple contributors, a number of system capabilities need to be addressed before they can be
exploited reproducibly at the crime scene or in the laboratory for probative items with mixed
cellular contributions. This would include providing the raw data for analyst interpretation,
further balancing electrophoretic peak heights between and among alleles, and incorporating an
on-board expert system to remove artifacts and differentiate multi-source profiles.!? A
combination of these factors likely contribute to the limited adoption of integrated, microfluidic

systems for Rapid DNA analysis; that is, according to the Federal Bureau of Investigation QAS,
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Rapid DNA technology is only to be used in conjunction with the CODIS database searching and

storage of single-source reference DNA profiles originating from buccal swabs at this time.3>36

1.5. The Epigenome and Forensic HID

As an alternative to matching in CODIS or with reference profiles via the STR identification
system, investigation of the human epigenome has been suggested for a variety of forensic
applications related to forensic DNA phenotyping (FDP).%” Here, epigenetic ‘marks’ are correlated

with phenotypic traits that may confer information related human sex,*®

monozygotic twin
differentiation,®® body fluid identification,'® lifestyle habits (e.g., smoking, alcohol consumption,
etc.),°? and chronological age determination,'%? to name a few. In particular, the majority of this
research correlates locus-specific DNA methylation patterns with phenotypic information.%3 DNA
methylation refers, most commonly, to the modification of the 5’ position of cytosine (C) bases in
CpG dinucleotides by a methyl (CHs) group.1 Methylation is a normal biochemical process
involved in the regulatory activity of DNA expression via the promoter region, whereby high levels
are commonly associated with transcriptional silencing.1%® As it relates to forensic HID, the
presence or absence of methylated DNA at certain positions may assist with the derivation of
phenotypic information in the absence of a comparative STR profile, originating from a known
victim of suspect.1% If there are no investigative leads to generate a DNA ‘match’ from using the

conventional approach, epigenetic information may be used to provide phenotypic information

and a produce biological witness.%’
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1.5.1. Age Approximation by Epigenetic Testing. As epigenetics relates to forensic HID,
determination of human chronological age has produced the most research studies proposing
predictive panels. In this area, over 300 research studies and systematic reviews have been
printed, with more than 30 posited strategies for predicting age from epigenetic data, published
between 2014 and 2019 alone.1% Epigenetic age prediction models have been developed with
forensically-relevant tissues including blood,106:107,108,109,110 ¢g|jyg 111,112,113 h,ccgl swabs,1411°
semen,!1®117 gnd teeth,!!® and predictive capabilities are purported to be as high as + 0.94
years'!® from an age range of 0 — 95 years.'?° The progression in the appearance of these chemical
signatures at particular loci have been positively associated with human aging to establish what
has been coined an epigenetic clock.*?* While age determination is, by and large, polygenic, there

are models which have developed strong correlations using only one locus;!?2

although many
models use a combination of five or so CpG sites in their prediction models.'? Interestingly, this

appears to be one application wherein the addition of more genetic loci does not necessarily

increase prediction accuracy.

1.5.2. Issues Associated with the Epigenetic Analysis of Forensic DNA. For most workflows,
determination of methylation status at a genetic locus requires modification of the sequence by
bisulfite conversion (BSC) to differentiate between methylated and unmethylated cytosines.
With extracted DNA, this process preferentially deaminates unmethylated cytosines to uracil
while leaving methylated cytosines intact; enabling base differentiation following downstream
amplification and analysis. Following DNA extraction and BSC, methylation detection is most

commonly accomplished with either real-time PCR (RT-PCR) by a specialized assay (e.g., methyl-
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light, methylation-specific PCR, etc.) or downstream sequencing by pyro- or next generation
sequencing (NGS). Given the genetic workflow is roughly the same as with STR typing, besides
the additional BSC sample preparation step, one might assume that methylation-based age
prediction would be readily adopted by case-working scientists. This is especially in light of the
fact that relevant research data has been subject to scientific scrutiny for over 10 years, and DNA-
based testing is regarded as the gold-standard for forensic analysis.1%* However, this has not been
the case for epigenetic-based testing, primarily because of the added BSC step. Not only is
epigenetic conversion a time-consuming and labor-intensive process with multiple open-tube
steps that can lead to contamination and inter-operability induced variation, it also results in a
significant amount of DNA loss.!?3 In fact, it is for this reason that kit chemistries for methylation-
based analysis recommend starting with a significant amount of genetic material ( >1 pg).1?
Unfortunately, forensic DNA is often limited and fragmented for a variety of reasons, largely
having to do with its deposition in unfavorable environments,'?> but also as a result of DNA
isolation during the extraction/purification process.'?® To summarize, case working forensic
analysts are likely hesitant to risk precious, probative genetic material to a variable, time-

consuming workflow that may result in poor quality results given the limited sample available.

1.5.3. Microfluidic Methods for Epigenetic Sample Preparation. Miniaturized methods for
epigenetic sample preparation by bisulfite conversion are limited, likely because of the long,
heated incubations and the sequential addition and removal of reagents that the workflow
necessitates. Briefly, the complexity of a multi-step process like BSC dictates careful consideration

of materials and fabrication method, flow strategy, and the approach to administering sequential
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unit operations (e.g., valving, magnetic actuation, etc.). One such technology originating from the
Wang Laboratory at Johns Hopkins University leverages a polydimethylsiloxane (PDMS) cartridge
consisting of a linear array of chambers containing BSC buffer droplets that are combined and
traversed through via magnetic actuation of DNA-containing silica beads (Fig. 7-A).1?”128 The
primary benefit of this BSC method is automation and the parallel processing of up to three
samples on one device; additionally, they developed an enhanced approach coupling lysis by
proteinase K and downstream detection by RT-PCR (Fig. 7-B).*?® However, there is no exploration
of reduced incubation intervals or measurement of conversion efficiency besides what can be
gleaned from amplification results.’?” A system was also developed by Yoon et al. (Fig. 7C),
wherein a conversion module is coupled with a detection platform employing isothermal solid-
phase amplification; while the integration of components is impressive, the method requires

input of pre-extracted DNA.'?°
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Figure 1-7. Microfluidic methods for bisulfite conversion. (A - B) Wang Laboratory
’magnetofluidic’ chip, adapted from Stark et al. 2016%%7 and Stark et al. 2018.12% (C) Shin
Laboratory single-channel bisulfite conversion module for integrated methylation preparation
and analysis, adapted from Yoon et al. 2015.1%°
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1.6. Research Goals and Concluding Remarks

This dissertation is focused on the development of integrated sample preparation
workflows for NA analysis, using a rotationally-driven, microfluidic interface for ease of use at the
benchtop, and with the potential for integration in PON analytical systems. The primary focus is
detailed in Chapters 2 and 3, which describe a method that automates forensic epigenetic sample
preparation, specifically as it relates to the prediction of human chronological age. Chapter 2
details the design and testing of a technique for epigenetic conversion by ammonium bisulfite
(BSC). Here, the approach was tested with forensically-relevant concentrations of DNA and
reaction intervals were shortened with the goal of microfluidic integration and the conservation
of genetic material for downstream analysis. In the interest of streamlining the entire epigenetic
sample preparation workflow, Chapter 3 describes the incorporation of an enzymatic lysis
method upstream of microfluidic BSC. In this chapter, the compatibility of BSC with an enzyme-
based, purification-free DNA extraction method by EA1 is reported for the first time and coupled
via a microfluidic regime. Coupling these processes significantly reduced analytical time and
issues associated with analyst interoperability, while permitting parallel reactions of up to five
samples on one disc.

For relevance beyond forensic HID, Chapter 4 utilizes the same enzymatic extraction
chemistry detailed in Chapter 3 for the preparation of patient samples containing severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), once again employing a centrifugally-driven
microfluidic interface. Upstream of RNA extraction, the microfluidic method utilizes affinity-

capture, magnetic nanoparticles for enrichment and supernatant removal, all incorporated into a
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single device for NA analysis. With the integrated device, sample preparation is possible in under
15 minutes and for a total of up to six samples in parallel. Chapter 4 also describes preliminary
research toward integration of this method with a sample-to-answer platform situated for use at
the PON.

In summary, the following chapters highlight the progress made toward the development
and validation of multiple microfluidic modes aimed to provide real-world solutions to both
forensic and clinical problems at the benchtop. As the preponderance of work focuses on a
solution aimed for forensic epigenetic sample preparation, Chapter 5 provides concluding
remarks considering all research and development described in this dissertation. Ongoing work,
future work, and persistent challenges are also discussed. The latter portion of the chapter
describes the intricate forensic climate, commenting on the limited implementation of
microfluidic tools developed for forensic HID. Looking to the future, | consider the possibility that
microfluidic technologies would have a higher impact potential if they were developed to solve
new problems or facilitate the use of emerging techniques that have not yet been widely utilized
beyond proof-of-principle research. In this vein, multiple opportunity zones for microfluidic
integration within HID and criminal investigation are proposed to increase laboratory efficiency
and expand the capacity of forensic science services in the future. Furthermore, | discuss the
potential for the integration of the existing commercial systems for Rapid DNA analysis and

expedited HID.
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Chapter 2. A Streamlined Method for the Deamination of Cytosines by Bisulfite Conversion

Publication(s) included in Chapter 2:
e Turiello, R.; Nouwairi, R.; Keller, J.; Cunha, L. L.; Dignan, L. M.; Landers, J. P. A Rotationally-
Driven Dynamic Solid Phase Sodium Bisulfite Conversion Disc for Forensic Epigenetic Sample

Preparation. Lab on a Chip, 2023, 24 (1), 97 - 112. doi: 10.1039/d31c00867c

2.1. Introduction

Current approaches to human identification (HID) of unknown persons remain largely
comparative in nature, whereby short tandem repeat (STR) profiles from unknown evidence
samples are compared with known reference materials/database profiles.! Alternatively,
unidentified human remains are morphologically categorized by visual interpretation by an
anthropologist, as compared to discrete, published standards.? Despite the statistical success of
producing a match via STR analysis, many genetic profiles are generated from crime scenes,
human remains, and sexual assault and evidence collection kits (SAECKs) that do not have a
genetic reference material for comparison and do not produce a database hit. Further, the
precision with which any trait is discerned via anthropological assessment for identification has
been determined to be dependent upon the completeness of the remains and the
anthropologist’s prior experience.? For these types of cases, the human epigenome has been
suggested as a reservoir of information for sex typing*, monozygotic twin individualization®, body
fluid identification®, behavioral traits’, and DNA phenotyping (FDP) by estimation of human

chronological age.® In particular, over the past 15 years more than 300 research studies and
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review articles have been published suggesting the utility of epigenetic methylation status at
specified genetic loci for approximation of human age.® Studies have demonstrated predictive
success within 0.94 years!? from forensically-relevant body fluids including, but not limited to,
blood!11213.14,1516 ¢3]ival” 1819 semen?®?!, and teeth??. However, despite great research success
and the forensic community’s high regard for DNA-based testing, epigenetic age prediction has
not been adapted into the forensic DNA analysis workflow or even used as a routine investigative
technique by law enforcement personnel.

If adopted, the forensic epigenetic workflow would require an additional step during
sample preparation, referred to as bisulfite conversion (BSC), a method that has remained largely
steadfast in its approach since its inception. Through a series of chemical modifications, the BSC
process preferentially deaminates all unmethylated cytosines in the DNA transcript to yield uracil
residues, leaving those cytosines containing a methyl group (e.g., 5-methylcytosines) intact and
distinguishable for downstream analysis by methylation-specific real-time polymerase chain
reaction (RT-PCR) or sequencing. Unfortunately, these techniques are characterized by extensive
DNA loss; in fact, a 2015 study by Leontiou and co-workers comparing four of the most widely
used BSC kits determined that the recovery from 200 ng of input DNA averaged as low as 33.2%
and only as high as 55%. Further, these methods require time-consuming, labor-intensive
workflows with a high propensity for contamination due to the multitude of open-tube pipetting
steps. | have concluded that adaptation of the epigenetic analysis workflow by the forensic
community has stalled given the current requirement for large amounts of input DNA and the
constraint that implementation of the associated laborious processes are not optimal for

integration into the existing forensic DNA workflow.
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| describe a microfluidic solution for forensic epigenetic sample preparation that leverages
centrifugal force to enable rapid, efficient conversion of forensically-relevant DNA input masses
in an automated microCD (uCD) format. Shortened conversion intervals are possible with the use
of reduced reagent and sample volumes in chambers with an enhanced surface-area-to-volume
ratio when compared with the conventional, in-tube BSC method; diffusion theories associated
with miniaturization dictate that a system 1/10%" of the original reaction chamber size will result
in 100-fold reduction in time, thus minimizing the need for long incubations.?* 24 The proposed
work varies from those in literature on a number of fronts, but namely | sought to develop a
method more amenable to low template DNA. Additionally, my method employs centrifugal force
as the mechanism for fluid movement, which is advantageous for forensics applications for three
primary reasons. First, this ensures that only a single mechanism is required for propulsion,
eliminating the need for bulky external hardware (e.g., syringe pumps, electronics, tubing, etc.)
that hinder portability and take up valuable bench space. Second, the mechanism permits
automation in a fully closed system to mitigate contamination risk. Third, the forces controlling
fluid movement through channels and into reaction chambers for precise chemistries are easily
controlled by simply adjusting rotational speed, an aspect that may be coded for automation via
a corresponding graphical user interface (GUI). With regard to automation specifically, the uCD
approach is fully programmable via custom, external systems capable of heating, imparting
rotational and magnetic forces at specified frequencies, and laser valving to open and close fluidic
channels. For this application, the use of a silica dynamic solid phase (dSP) enables magnetically-
actuated, bead-based conversion; together with careful consideration of fluidic architecture and

valving strategy, this permits the completion of several sequential unit operations on-board.
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Conversion discs were desighed to accommodate approximately 1/10" of the fluid volumes
required by conventional BSC methods and with a view of multiplexing in mind: that is, each uCD
is capable of converting up to four samples per disc.

Microfluidic integration was assessed with standards and multiple downstream analytical
processes, including RT-PCR, high resolution melting (HRM), and electrophoresis. Early phase
goals of this project included testing the chemistry at the microfluidic scale, adjusting the
parameters of the reaction steps associated with DNA loss, optimizing microfluidic architecture,
and comparing uCD converted eluates with those originating from an in-tube, gold-standard
method for conversion. For proof-of-concept, assay characterization was completed with primers
targeting FHL2, a locus associated with age determination. Results suggest the increased surface-
area-to-volume ratio at the microscale enabled reduction of incubation intervals, thereby
decreasing the total assay time, with some evidence of increased DNA recovery and comparable
conversion efficiency to a gold-standard method. Finally, | compared this method to an

alternative, enzymatic method for cytosine conversion.

2.2. Materials and Methods

2.2.1. Sample Materials. Preliminary testing of the in-tube and uCD dSP-BSC methods was
accomplished with the Human Methylated & Non-Methylated DNA Set (Zymo Research, Irvine,
CA, USA) at an initial concentration of 250 ng/uL to assess relative DNA recovery and BSC
efficiency without potential variability resulting from DNA extraction. Universal Methylation
Human DNA Standard (Zymo Research, Irvine, CA, USA) at a starting concentration of 20 ng/uL

was used as a positive control for amplification; here, the positive control is fully methylated at
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all cytosine positions and bisulfite converted by the manufacturer. Negative controls were
included during the BSC process, whereby human sample was substituted for nuclease free water
and otherwise handled as if containing human genetic material. No template controls consisting
of nuclease free water in place of the BSC eluate were included in all amplification and HRM

detection modes.

2.2.2. In-Tube ds-BSC. For comparison with a gold-standard method, the dSP-BSC process was
completed with the EZ-96 DNA Methylation-Lightning MagPrep (Zymo Research, Irvine, CA, USA)
kit, according to the manufacturer recommended protocol, adapted for lower sample throughput
(e.g., replacing the 96-well plate format with individual tubes and a magnet stand). For in-tube
microfluidic reactions, volumes corresponding to the microdevice chamber capacities were used.
Here, 2.5 uL DNA standard was added to 12.5 uL of Lightning Conversion Reagent (Zymo Research,
Irvine, CA, USA) in a 0.2 mL tube; the 15 uL reaction mixture was heated on the Veriti thermal
cycler (Thermo Fisher Scientific, Waltham, MA, USA) at 95°C for 1 min and 54°C 45 min for
sulphonation and hydrolytic deamination. In separate 1.5 mL tubes, 40 pL of M-Binding Buffer
and 10 pL MagBinding Beads were combined with the partially-converted DNA. Samples were
mixed by vortexing, incubated at room temperature for 1 min, and placed on a magnetic stand
before the supernatant was removed and discarded. The beads were then resuspended in 40 pL
M-Wash Buffer, mixed by vortexing, and placed on the magnet stand for supernatant removal.
Beads were then mixed with 40 pL L-Desulphonation Buffer, mixed by vortexing, and incubated
at room temperature for 20 min Following Desulphonation, a second wash step was completed,

as before, and the tubes were subsequently placed on a dry bath set to 55°C for 1 min to remove
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residual M-Wash Buffer. Finally, the beads were resuspended in 25 pL of M-Elution Buffer, heated
to 55°C for 4 min and placed back on the magnetic stand. The BSC eluate was separated from the
bead fraction by pipette and added to a 0.2 mL tube, which was then retained and stored at -20°C
until further analysis. For downstream detection via RT-PCR and HRM, a 5 pL volume of the BSC
eluate was used, corresponding to a final PCR concentration of 5 ng/uL, except for the bead
volume optimization study, wherein the final PCR concentration was 2 ng/uL. All in-tube BSC
conversions were completed in technical replicates of 3 and PCR/HRM was also run in replicates

of 3.

2.2.3. Real-Time Polymerase Chain Reaction and High Resolution Melting. Amplification and
detection of BSC eluates and corresponding controls was accomplished using the ZymoTag™ DNA
Polymerase (Zymo Research, Irvine, CA, USA) chemistry. Detection was made possible with the
inclusion of an intercalating LAMP Fluorescent Dye (New England Biolabs, Ipswich, MA, USA).
Forward and Reverse primers for the FHL2 region were designed according to specifications
published previously.?> For conservation of reagents, half-reactions totaling 25 uL were used,
including 12.5 pL 2x Reaction Buffer (1x), 0.25 uL dNTP mix (0.25 mM), 0.625 pL of 10 uM forward
and reverse primers (0.4 uM) (Integrated DNA Technologies, Coralville, lowa, USA), 0.2 pL
ZymoTaq™ DNA Polymerase (2 U/50 plL), 1.25 uL LAMP Fluorescent Dye (2.5 uM), 4.55 pL PCR-
grade water, and 5 pL of BSC eluate, positive control, or nuclease-free water. All samples were run
in triplicate on the QuantStudio 5 Real-Time PCR System with detection in the FAM channel
(Thermo Fisher Scientific, Waltham, MA, USA). Thermal conditions included initial denaturation

(95°C, 600 s), 45 cycles of denaturation (95°C, 30 s), annealing (50°C, 45 s), and extension (72°C,
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60 s), and a final extension step (72°C, 420 s). For data analysis, eluates and controls were
considered positive if they crossed the instrument-defined threshold, producing a C; value. HRM
was accomplished immediately following amplification on the QuantStudio 5 System and
included thermal conditions whereby the reaction was denatured at 95°C for 1 s, subsequently
cooled to 50°C and held for 20 s, before being incrementally heated to 95°C at a rate of 0.1°C/s,
with data acquisition occurring at each interval. The T, of each sample was determined via the
instrument’s own algorithm. For visual clarity, some RT-PCR and HRM plots were recreated in
excel using raw fluorescence values extracted from the QuantStudio 5 system. To show the
threshold line, baseline subtraction was calculated from cycles 3 through 15 and the threshold

was plotted at three times the standard deviation of the mean baseline, as before.?®

2.2.4. Operation of Mechatronic Systems. Spin systems to impart centrifugal force, enable laser-
based valving to open and close fluidic channels, perform magnetic mixing, and on-disc heating
were all designed in-house, as described previously.?” 2% 2 These systems are controlled by 8-
core microcontrollers (Propeller P8X32A-M44; Propeller, Inc., Rockland, CA, USA) and
corresponding, custom programs written in Spin and run from an external laptop. Rotational fluid
propulsion and laser-based valving was accomplished with the Power, Time, and Z-Height
Adjustable (PrTZAL) system.?® Here, valves were opened to permit flow into a new fluidic layer
and into the corresponding chamber using laser power settings of 500 mW for an actuation time
of 500 ms, and positioned 15 mm above the surface of the disc,3° Similarly, fluidic channels were
closed by the same 638 nm laser diode to prevent backflow into the system using power, time,

and z-height settings of 700 mW, 2500 ms, and 26 mm, respectively.?® Here, automation is
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enabled through use of the GUI code, instructing the PrTZAL system when to stop rotation and
position the disc under the valve for each valving event. A separate dynamic Solid-Phase
Extraction (dSPE) platform was used to impart external magnetic control over the silica solid
phase for efficient mixing of both DNA for capture and reagents for effective conversion, using
settings optimized by Dignan et al.?’ On-disc heating was accomplished with a dual-clamped

Peltier system.3!

2.2.5. Microdevice Design and Fabrication. Iterative and final uCD prototyping was accomplished
with AutoCAD software (Autodesk, Inc., Mill Valley, CA, USA). Designs were laser ablated into
thermoplastic substrates and corresponding adhesives via a CO; laser (VLS 3.50, Universal Laser
Systems, Scottsdale, AZ, USA). The core device contains five primary poly(ethylene terephthalate)
(PeT) layers (Film Source, Inc., Maryland Heights, MO, USA); whereby primary fluidic layers (layers
2 and 4) are encapsulated with heat-sensitive adhesive (HSA) (EL-7970-39, Adhesives Research,
Inc., Glen Rock, PA, USA). At the center of the uCD, a black PeT (bPeT) (Lumirror X30, Toray
Industries, Inc., Chuo-ku, Tokyo, Japan) layer enables laser-based valving and provides a barrier
between the two primary fluidic layers.3% 2° Following alignment of the 5-layer device, layers were
heat-bonded using a commercial-off-the-shelf laminator (UltraLam 250B, Akiles Products, Inc.,
Mira Loma, CA, USA) according to the “print, cut, laminate” method, described elsewhere.??
Multiple accessory pieces were added to the device via pressure-sensitive adhesive (PSA) transfer
tape (MSX-7388, 3M, Saint Paul, MN, USA). Poly-(methyl methacrylate) (PMMA) (1.5 mm
thickness, McMaster Carr, ElImhurst, IL, USA) capped with PeT was added to all chambers, not

including the bisulfite conversion chamber, to increase chamber volume capacity.
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Polytetrafluoroethylene (PTFE) hydrophobic membranes (0.2 um, Sterlitech, Auburn, WA, USA)
were added to the vents of the bisulfite conversion and magnetic manipulation chambers to
permit gas exchange during heated incubations on-board. Fluidic channels enabling flow from
one chamber to another upon device rotation were designed to be approximately 100 um deep

and have widths between 400 and 500 pm.

2.2.6. Fluidic Dye Studies and Corresponding Image Analysis. For early optimization of fluidic
architecture, blue and yellow aqueous dye solutions were used to visually represent sample
reagents. Following each workflow step (e.g., sulphonation and deamination), scanned images of
the uCD were captured using an Epson Perfection V100 Photo desktop scanner (Seiko Epson
Corporation, Suwa, Nagano Prefecture, Japan). Characterization of fluidic loss during the initial
heating steps of the reaction was completed with 0.1 M Allura red dye solution (Sigma-Aldrich,
St. Louis, MO, USA) diluted in 1x Tris-EDTA Buffer, pH 7.5 (Sigma-Aldrich, St. Louis, MO, USA). Fiji
Image J Freeware was used to evaluate fluid loss via ‘The Crop-Threshold-and-Go’ method of
analysis.?3 Briefly, cropped chamber images from digital scans were analyzed via the ImageJ color
thresholding module to overlay a mask denoting the region of interest (ROI) from any background
and providing a number of pixels associated with that mask. To build the calibration curve and
measure fluid loss pre- and post-heating, a total of 5 technical replicates were measured for each

parameter.

2.2.7. Microdevice Dynamic Solid Phase Bisulfite Conversion. The complete uCD dSP-BSC

process can be followed in the dye study, described below. The reaction begins with reagent and
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sample loading, wherein C1 is loaded with 13 pL Lightning Conversion Reagent and 2 uL of DNA
sample. The neighboring C2 is loaded with a mixture of 40 uL Bead Binding Buffer and 10 plL
Magnetic Beads. Chambers 4 and 8 are loaded with 40 plL of Wash Buffer and C6 is loaded with
40 pL of Desulphonation Buffer, while C10 is loaded with 25 ulL of Elution Buffer. V1 is closed and
C1 is positioned within the dual-clamped heating system for the following temperature intervals:
95°C for 1 min and 54°C for 45 min to complete the denaturation, sulphonation, and deamination
steps. Following incubation, V2 is opened and the disc is spun (2000 rpm, 30 s) to introduce the
partially converted DNA to C2 for bead binding. V3 is closed and the mixture is magnetically
agitated on the dSPE system for 1 min Beads are subsequently pelleted (2000 rpm, 30 s), V4 is
opened, and the disc is spun (1500 rpm, 30 s) to remove waste to C3, and V5 is closed. Wash #1
begins with the opening of V6 and disc rotation (1500 rpm, 15 s) to introduce Wash Buffer to C2.
Following magnetic mixing (1 min), beads are pelleted once again (2000 rpm, 30 s), V7 is opened,
and the disc is spun (1500 rpm, 30 s) to remove supernatant to C5 before V8 is closed. To begin
the desulphonation step, V9 is opened and the disc is spun (1500 rpm, 15 s) to introduce
Desulphonation Buffer from C6 to C2. The cocktail is magnetically mixed (1 min) and held at room
temperature for 20 min to complete conversion. Desulphonation waste is removed following
bead pelleting (2000 rpm, 30 s), the opening of V10, a spin step (1500 rpm, 30 s), and the closing
of V11. The final wash occurs when V12 is opened and the disc is spun (1500 rpm, 15 s),
introducing Wash Buffer into C2. The mixture is magnetically mixed (1 min), beads are pelleted
(2000 rpm, 30 s), V13 is opened, the disc is spun again (1500 rpm, 30 s), and V14 is closed off to
the upstream architecture. C2 is then placed between the dual-clamping Peltier system at a

temperature of 55°C for 5 min for Wash Buffer evaporation, prior to DNA elution. Elution is
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initiated when V15 is opened and the disc is rotated (1500 rpm, 30 s) to introduce Elution Buffer
to C2 and the beads. V16 is closed and C2 is once again placed under the clamping system and
heated to 55°C, except for only 4 min Once the DNA has been released from the beads, they are
once again pelleted (2000 rpm, 30s), V17 is opened, and the disc is spun to move the eluate from

C2 to C11 for pipette removal.

2.2.8. Electrophoresis. Electrophoresis was completed with the 2100 Bioanalyzer Instrument
(Agilent Technologies, Santa Clara, CA, USA). The Agilent DNA 1000 Kit (Agilent) was used
according to manufacturer recommendations, whereby 9 uL of Gel Dye Matrix, 5 puL of DNA 1000
Marker, 1 uL of DNA 1000 Ladder, and 1 plL of converted DNA eluate was added to the requisite

wells in the microfluidic chip. Analysis was completed with the 2100 Expert Software (Agilent).

2.2.9. Degradation Study. Degradation associated with the on-disc sample preparation method
was assessed with the Quantifiler Trio Quantification Kit (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer recommendations and using the QuantStudio 5 Real-Time
PCR System. Degradation indices were calculated by the HID Real-Time PCR Analysis Software
(Thermo Fisher Scientific, Waltham, MA, USA) and were based upon the C: values of diluted
standards for large and small autosomal targets from 50 — 0.005 ng/uL according to manufacturer
recommendations. Non-Methylated DNA standards were bisulfite converted using the on-disc
UCD approach at a final concentration of 25 ng/uL in technical replicates of 3 and exactly 1 pL of
converted eluate was used from each conversion replicate for evaluation of resultant

degradation, equating to 1.25 ng/uL in each Quantifiler Trio reaction.
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2.2.10. Enzymatic Methyl-Seq (EM) Conversion. A total of 13 uL Human Non-Methylated control
DNA (Zymo Research, Irvine, CA, USA) was added to 117 pyL 10 mM Tris-EDTA Buffer (Sigma-
Aldrich, St. Louis, MO, USA), pH 8.0, for DNA fragmentation at a final concentration of 25 ng/uL.
Shearing was completed using an S2 Ultrasonicator (Covaris, Woburn, MA, USA) with the 6 x 16
mm AFA Fiber microTubes (Covaris, Woburn, MA, USA) and settings associated with mean
fragment sizes of 1.5 kilobases (kb) for a downstream application in RT-PCR and HRM, per
manufacturer recommendations. The requisite volumes of sheared DNA were mixed with 10 mM
Tris-EDTA Buffer to a total volume of 28 L to begin conversion and amplify converted product to
a final DNA input amount of 100, 10, and 1 ng of total input DNA in technical replicates of 2. The
NEBNext® Enzymatic Methyl-Seq Conversion Module (New England Biolabs, Ipswitch, MA, USA)
was used for enzymatic conversion according to the manufacturer’s protocol and with Hi-Di
Formamide (Applied Biosystems, Waltham, MA, USA) for denaturation and NEBNExt® Sample
Purification Beads (New England Biolabs, lpswitch, MA, USA) for purification. Subsequent
amplification and HRM of converted eluates was completed as described here previously for the

FHL2 target in replicates of 3.

2.2.11. Statistics and Reproducibility. All statistical calculations related to significance testing
were completed with GraphPad Prism Software (San Jose, CA, USA). C: and Tm values were
described as the mean + standard deviations for all technical BSC replicates and/or amplification

replicates. All described t-tests are two-tailed, using unpaired comparison parameters, and with
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a significance (a) of 0.05 (e.g., 95% confidence interval). Any analysis of variance (ANOVA) used a

one-way framework and with a the same 95% confidence interval parameters.

2.3. Experimental

The development and characterization of a rotationally-driven microfluidic device for the
dynamic solid phase bisulfite conversion (dSP-BSC) of differentially-methylated human DNA is
described. Preliminary characterization of the chemical workflow was accomplished in-tube and
all iterative changes to the method were tested by comparing resultant eluates to those produced
from the manufacturer recommended protocol to a corresponding ‘in-tube microfluidic’ protocol
using reduced reagent volumes and incubation parameters. Likewise, BSC eluates produced
following sample preparation via the ‘on-disc’ uCD approach were compared with those using the
previously described in-tube approach. The selected target for early characterization is in the
promoter region of FHL2, and is one associated with forensic human age prediction across
multiple tissues.!? 192234 The primer sequences were adapted from Hamano et al.,>> wherein the
assay was used for age prediction using PCR amplification and HRM and have thus been previously

vetted for PCR bias, function, and relevance to human age approximations.

2.3.1. Dynamic Solid Phase Bisulfite Conversion Workflow. The conventional, ‘gold-standard’
BSC workflow was developed according to the manufacturer’s protocol but modified for in-tube
sample preparation (Fig. 2-1A). During the initial incubation, samples are heated to facilitate

complete denaturation and subsequent progression of unmethylated cytosines through two
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Figure. 2-1 Adapted dSP-BSC workflow. (A —B) The in-tube gold-standard method for bead-based
conversion; sulphonation and deamination of unmethylated cytosine residues begins when the
dsDNA is denatured and incubated with ammonium bisulfite at elevated temperatures. Genomic
material with partially converted bases is affixed to a silica dSP and washed prior to final
desulphonation. A second wash step is completed, and the beads are heated in an open tube to
evaporate residual ethanol before the DNA is eluted and removed for downstream analysis. Blue
arrows indicate tube transfers. Figure adapted from Turiello et al. 2023.%°

intermediate structures, including 5,6-dihydrocytosine-6-sulphate and 5,6-dihydrouracil-6-
sulphonate via ammonium bisulfite; this phase is referred to collectively as sulphonation and
hydrolytic deamination (Fig. 2-1B). Following a bead wash and immobilization step,
desulphonation occurs, forming uracil residues via incubation in a sodium hydroxide solution.
Elution of the chemically converted DNA from the dynamic solid phase is completed following
another bead wash (Fig. 2-1B). Following the reaction, only unmethylated cytosines are

converted to uracil; methylated cytosines remain intact, as the addition of a methyl group to the
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ring contributes to stabilization of the structure and a lack of conversion due to steric hindrance

and electrostatic repulsion.

2.3.2. Downstream Analysis Strategy by RT-PCR and HRM. To assess the analytical performance
of the upstream sample preparation method, multiple techniques were used to measure relative
DNA recovery and conversion efficiency. Relative DNA recovery was evaluated via RT-PCR,
whereby resultant cycle threshold (C:) values were compared. Because these values are
representative of starting concentration, it follows that samples prepared with optimal BSC
conditions for DNA preservation would produce more rapid amplification (e.g., lower C; values).
Here, the ZymoTag™ DNA Polymerase chemistry was used, as it was specifically designed for the
amplification of bisulfite-treated DNA; however, the protocol was modified for reagent
conservation and to enable real-time detection by utilizing only half-reactions and adding an
intercalating Syto 9 dye, respectively. For verification of this detection method, methylated and
non-methylated DNA standards were bisulfite converted in triplicate along with BSC negative

controls and using the manufacturer’s adapted protocol described above (Fig. 2-1). Resultant

600,000 ‘e
L4l Non-Methylated Controls eluates were successfully amplified along
[
g 500,000 [ Methylated Controls
® 400,000 " with  methylated positive controls
o - Positive Controls
[}
E 300,000 .
(previously converted by the
200,000
100,000 manufacturer) and no template controls
B PPy

0 10 20 30 40 (Fig. 2-2); non-methylated standards
Figure. 2-2 AssessmetftrYf BNAYECovery. RT-PCR 8 Y

results, originating from_ methylation standards, produced C; values of ~33.9 (+ 0.60) and
bisulfite converted with the gold-standard
approach. Figure adapted from Turiello et al.

methylated standards and converted
2023.9
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positive controls produced values of ~38.99 (+ 0.54) and ~38.33 (+ 0.13), respectively. Noticeably,
there was no statistical difference detected between the methylated standard converted in-house
and with the modified in-tube approach and the positive control previously modified by the
manufacturer (unpaired t-test, @ = 0.05, p-value = 0.7446). While this may not signify that the
modified ‘gold-standard’ method performs comparably in terms of conversion, since this is a fully
methylated standard and conversion is not taking place, this does indicate that the methods are
comparable in recovery (e.g., degradation). In addition, all samples were amplified with an initial
concentration of 5 ng/uL per reaction; however, there is a reproducible shift in C: units between
the non-methylated and methylated samples. This shift may be explained by PCR bias, whereby
the GC content of the methylated template is higher than that of the non-methylated sample
post-conversion, leading to a comparatively diminished amplification product.®®
Likewise, relative conversion efficiency was demonstrated with HRM analysis, whereby
the Tm of non-methylated and methylated control samples post-conversion was determined, and
L4 Non-Methylated Controls the corresponding differences were

. Methylated Controls

25000 . [Hl Positive Controls associated with a shift in GC content.

30,000 . . ..
o Assuming 99 - 100% conversion efficiency
£ 25,000 ;'i
o
@ 20,000 A with the gold-standard method, as is
§ 15,000
[T

10,000 E alleged, would dictate that all

5,000

0 unmethylated cytosines are converted to
50 60 70 80 20

Temperature (°C)
uracil and then to thymine following PCR,
Figure 2-3. Assessment of conversion efficiency.

HRM  results, originating from methylation  thys, these transcripts should consistently
standards, bisulfite converted with the gold-

standard approach. Figure adapted from Turiello  exhibit a much lower T, than their
et al. 2023.%4°

71



methylated counterparts. However, if BSC conditions are such that conversion efficiency becomes
diminished, the Tm of unmethylated amplicons will undoubtedly shift upward, approaching that
of the methylated sequences with higher GC content. As a baseline, non-methylated and
methylated amplicons melted at temperatures of ~72.39°C (+ 0.16°C) and ~76.51°C (+ 0.11°C),
respectively (Fig. 2-3), indicating that, post conversion, non-methylated standards will have a
lowered GC content compared with that of methylated standards, due to the overall reduction in
hydrogen bonds in the template. For additional confirmation of the HRM method, methylated
positive controls, previously converted by the manufacturer, also showed reproducible melt
temperatures at ~76.08 (+ 0.23°C). Moving forward, if a statistically significant difference is
detected for those non-methylated transcripts that have been bisulfite converted, it may be
assumed that conversion efficiency has be altered. However, it is important to note here that
HRM is only a measure of relative conversion efficiency and cannot be used to calculate the

precise percentage (0 — 100%) typically associated with this metric.

a5
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reaction. RT-PCR results comparing non- (,om temperature), and magnetic
methylated control DNA standards, converted

with reduced bead volumes. Figure adapted from manipulations. Given the complexity, in-
Turiello et al. 2023.%°
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tube studies were completed prior to microdevice adaptation to isolate each variable for optimal
performance at the microfluidic scale. First, samples were prepared with decreased BSC reagent
volumes, approximately 1/10™" of the manufacturer recommended amount; however, the
concentration of silica beads remained consistent, as a reduction in the volume of beads resulted
in diminished DNA recovery (Fig. 2-4). C; values originating from samples with decreasing volumes
of silica bead solutions from 10 puL to 5 puL and 1 pL show statistical differences overall (one-way
ANOVA, a = 0.05, p-value = 0.0002), with the lowest C: values demonstrated with preparation
using 10 uL volumes (32.09 + 1.76) (Fig. 2-4). Likewise, the elution volume was kept consistent
to ensure a large enough volume for downstream testing. Regarding remaining BSC reagents,
unpaired t-tests comparing C: values originating from samples bisulfite converted with full and
microfluidic volumes show no statistical differences for non-methylated and methylated control
samples (a = 0.05, p-values =0.3803 and 0.1016, respectively), indicating similar recovery (Fig. 2-
5). Likewise, non-methylated control samples, for which all cytosines would ostensibly be
converted to uracil, produced statistically similar HRM values (unpaired t-test, a = 0.05, p-value =

0.248) and were consistent with the known T, for that locus (Fig. 2-6), indicating comparable

L4 Non-Methylated Controls

ns ns
40 I——| - 1 _
% = I B Methylated Controls
L4 Positive Controls
10 4 BSC Negative Controls
0
+ - NTC

Ful. Micro  Full  Micro [l No Template Controls
Sample Preparation Conditions Controls

C,Value
N
o

Figure 2-5. Estimated comparative recovery with microfluidic dSP-BSC reaction optimization.
RT-PCR results, comparing methylation standards converted with either the manufacturer
recommended ‘full’ volume or the decreased ‘micro’ volumes. Figure adapted from Turiello et
al. 2023.%
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Figure 2-6. Estimated comparative conversion
efficiency with microfluidic dSP-BSC reaction
optimization. HRM results, comparing
methylation standards converted with either the
manufacturer recommended ‘full’ volume or the
decreased ‘micro’ volumes. Figure adapted from
Turiello et al. 2023.4°
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Figure 2-7. RT-PCR results following reduced
incubation intervals and temperature for the
initial denaturation step. C: values
demonstrating relative recovery from altered
denaturation parameters. Figure adapted from
Turiello et al. 2023.%°

conversion efficiency. Dissimilarly, a
comparison of the Tm values for the
methylated controls converted with
different conditions showed statistical
differences (unpaired t-test, @ = 0.05, p-
value = 0.0265); however, the difference
between means was only calculated to be
~0.266°C (+ 0.11°C) (Fig. 2-6). These
results were considered acceptable and
further in-tube optimization to decrease
dwell temperatures and intervals was
completed with microfluidic volumes.
Three incubation parameters
were optimized at the microfluidic scale
to increase adaptability of the protocol to
the microfluidic system and reduce total
analytical time, including 1) denaturation,
2) sulphonation and deamination, and 3)
desulphonation. Conventional

denaturation parameters necessitated an

8 min incubation at 98°C; this parameter was reduced first from 8 min to 1 min with no difference

in estimated recovery (unpaired t-test, a = 0.05, p-value = 0.0972) (Fig. 2-7). Dwell temperature
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Figure 2-8. RT-PCR results following reduced
incubation time for the sulphonation and
deamination reaction. C: values demonstrating
relative recovery indicated with reduced dwell
times from 60 min to 15 min. Figure adapted from
Turiello et al. 2023.4°
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Figure 2-9. HRM results following reduced
incubation intervals for the sulphonation and
deamination reaction. T. values results
demonstrating relative conversion efficiency
indicated with reduced dwell times from 60 min to
15 min. Figure adapted from Turiello et al. 2023.%°

was subsequently decreased from 98°C
to 96.5°C and 95°C for 1 min; likewise,
one-way ANOVA results indicated no
statistical differences between eluates
produced with decreasing dwell
temperature overall (a = 0.05, p-value
= 0.0511) (Fig. 2-7). For successive
studies, samples were converted at
95°C for 1 min, parameters much more
amenable to microfluidic integration.
For optimization of the next incubation
step, sulphonation and deamination
intervals were reduced from 60 min to
45, 30, and 15 minutes; interestingly,
samples prepared via the conventional
protocol (e.g.,, 60 min incubation)
showed higher C: values (34.60 * 0.98)

than those incubated for only 45 min

(30.67 £ 1.75), indicating recovery was

enhanced by reducing the incubation time (Fig. 2-8). This trend was reversed when samples were
only incubated for 30 or 15 min, likely as a result of incomplete conversion and corresponding

primer mismatch during amplification. In fact, Figure 2-9 shows the corresponding Tm values,
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C: values demonstrating relative recovery indicated
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Figure adapted from Turiello et al. 2023.%°
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Figure 2-11. HRM results following reduced
incubation intervals for the deamination reaction.
Tm values results demonstrating relative conversion
efficiency indicated with reduced dwell times from
20 min to 10 min. Figure adapted from Turiello et al.
2023.9

providing evidence of incomplete

conversion as  incubation  time
decreased lower than a 45 min interval.
Also evident from this figure is a
statistical difference between Tn values
undergoing sulphonation and
deamination for 60 or 45 min (a = 0.05,
p-value = 0.027), with 45 min incubated
samples providing lower Tn values,
indicating potentially increased
conversion efficiency. Notably, samples
undergoing sulphonation and
deamination for less than 45 minutes
showed either reduced recovery (Fig. 2-
8) or conversion efficiency (Fig. 2-9).
Thus, to test the optimal conversion
time of the final reaction interval,
desulphonation, a 45 min sulphonation
used. For

and deamination was

desulphonation, the ideal interval in terms of both recovery and conversion efficiency was
determined to be the conventional one of 20 min, producing eluates with the lowest C: (Fig. 2-

10) and T values (Fig. 2-11). The final elution time was decreased as well, from 4 min to 1 min,
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Gold-Standard following similar testing indicating

Procedural Step i On-Disc (min)
(min)
Initial Denaturation 8 1 negligible differences between C: and
Sulphonation & Deamination 60 45
Desulphonation 20 20 Tm values following a stepwise
Ethanol Evaporation 20 1
DNA Elution 4 05 reduction of incubation times
Total time (min) 112 67.5

including 240 s, 1205, 60 s, and 30 s
Table 2-1. Comparison of gold-standard versus on-

disc microfluidic conversion incubation intervals. (data not shown). In summary, the
Reaction incubation times are collectively reduced by

41 minutes using the on-disc method when compared BSC parameters have been adapted
to the gold-standard. Intervals that have been altered

are highlight in red. Table adapted from Turiello et al.  for microfluidic integration, with
2023.%°

decreased reagent volumes (e.g.,
1/10%" of the standard workflow, not including silica beads), and reduced incubation intervals,
with denaturation occurring at 95°C for 1 min and sulphonation and deamination shortened to
45 min total. Moving forward, the on-disc workflow incorporated all optimized parameters
discussed above; additionally, wash evaporation time was reduced from 20 min to 1 min, as no
wash buffer was visibly detected with on-disc evaporation at 55°C for the shortened interval,

reducing the entire workflow by ~39.73% compared to the gold-standard method (Table 2-1).

2.3.4. Microdevice Design. The rotationally-driven uCD was designed for multiplexed analysis of
up to four samples in parallel (Fig. 2-12A, 2-12B). Each domain includes all the necessary
architectural features to support the sequential unit operations associated with the dSP-BSC
workflow, wherein all of the architecture situated towards the center of rotation from the
magnetic manipulation chamber houses the aqueous reagents, and the chambers closer to the

edge of the disc accommodate reaction waste and the final BSC eluate (Fig. 2-12C). Initial
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Figure 2-12. Rotationally-driven microfluidic device for automated bisulfite conversion. (A)
Exploded rendering of the core, 5-layer polymeric disc and corresponding accessory pieces that
increase reagent volume capacities. (B) Digital scans of the front and back of a fabricated uCD. (C)
One labeled domain from the 4-plex uCD depicting the positions of reagent chambers, fluidic
channels, pressure vents, sacrificial valve locations, reagent loading ports, and hydrophobic
membrane patches. Figure adapted from Turiello et al. 2023.4°
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Figure 2-13. Valving mechanism. Schematic representation of the sacrificial valving process to
enable sequential unit operations and prevent backflow of potentially inhibiting reagents. Figure
adapted from Turiello et al. 2023.4°

conversion steps, including denaturation and sulphonation and deamination, are completed in
the bisulfite conversion chamber. Following these steps, the partially converted material and

aqueous buffer is spun into the magnetic manipulation chamber featuring the dynamic solid



phase and a chaotropic solution to promote DNA-silica bead interactions. Note that the concave-
shaped magnetic manipulation chamber was designed to retain magnetic beads during waste
removal and was previously optimized elsewhere (Fig. 2-12C).?”- 28 Both the bisulfite conversion
and magnetic manipulation chambers undergo heated incubations that may cause thermal
pumping and subsequent fluid loss; thus, each of these chambers feature a hydrophobic
membrane composed of polytetrafluoroethylene (PTFE) on the vent and a ‘closed’ loading arm
channel. The device makes use of sacrificial valves to enable sequential unit operations, making
each device single-use and preventing the potential for contamination and device failure from
repeated use. The valving strategy is depicted in the schematic shown in Figure 2-13. Briefly, this
approach was adapted from one described by Garcia-Cordero et al.3° and makes use of an
optically-dense intermediate layer at the center of the disc that is thermally ablated by an external
laser to form a pinhole, permitting fluid to flow from layer 2 to layer 4. To subsequently close

channels and prevent backflow, the laser is positioned upstream from the opened valve, and laser

Desulphonation

Figure 2-14. Fluidic dye studies. Digital scans showing one representative dye study. Figure adapted
from Turiello et al. 2023.%°
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parameters, including output power, contact time, and height from the surface of the disc, are
altered to thermally deform and occlude flow. This method was developed in-house? and the
precise parameters for both valve opening and channel or ‘valve’ closing are detailed in the

methods section.

2.3.5. Fluidic Control Testing and Characterization. Reliability of the microfluidic BSC method is

based upon the reproducibility of the fully-integrated uCD. To assess the architectural features

Chamber Chamber N Valve Radial
Number amberName Number Position (mm)
Bisulfite Conversion Valve #1 19.0
Magnetic Valve #2 .
Manipulation

Reagent Waste Valve #4

Valve #6

Reagent Waste

Desulphonation Valve #7 44.8

Eluate Buffer Valve #9

BSC Eluate Valve #10

e | a7 ]

Valve #12

Valve #13

Valve #15

Valve #17

Normally Closed Valve V. Channel Closure C  Reagent Chamber

Figure 2-15. Details from one pCD domain. (A) One domain with numbered chambers and
positions of valves. (B) Associated key. (C) The radial positions of each valve; green corresponds to
‘normally closed valves’ that are opened and red corresponds to ‘channel closures.” Figure adapted
from Turiello et al. 2023.%°
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and their ability to complete unit
operations during discrete reactions,

T TR fluidic dye studies were completed.

Hydrophobic  Channel - ‘& ‘
Membrane _Closure - « L= Figure 2-14 shows the progress of one

representative dye study as it progresses
through each of the BSC steps, including

sulphonation and deamination, bead

Figure 2-16. Observed fluid volume reduction. binding, wash steps, desulphonation,
Digital scans of the bisulfite conversion chamber
pre- and post-heating associated with the initial and the final DNA elution. Alternating
incubation steps (e.g., denaturation, followed by
sulphonation and deamination). Figure adapted blue and yellow dye solutions were
from Turiello et al. 2023.%°
moved throughout each domain of a 4-
plex disc through the requisite channels and chambers successfully, indicating fluidic control and
reproducibility. A schematic detailing the placement and radial position of valves on each domain
of the microdevice is depicted in Figure 2-15. Complete adaptation to the microdevice requires
that all incubations be completed on disc. Following the shortening of reaction intervals described
above, it stands that the longest on-disc heating interval occurs during the sulphonation and
deamination step (54°C for 45 min), preceded by a brief denaturation in the same chamber (95°C
for 1 min). Upon visual inspection, it appeared some fluid loss was reproducibly occurring during
this step (Fig. 2-16). A dye study was completed to quantify this loss per a previously described
protocol, known as ‘The Crop-Threshold-and-Go’ method of image segmentation and analysis.>3

Here, a calibration curve correlating average pixel area and fluid volume was constructed from

digital scans of bisulfite conversion chambers loaded with Allura Red dye at regular intervals,
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Figure 2-17. Quantification of fluid loss from initial reactions. (A) Calibration curve corresponding
to the average pixel areas of digital scans of bisulfite conversion chambers loaded with Allura red
dye. (B) Quantification of fluid loss pre- and post-heating protocol. Figure adapted from Turiello et
al. 2023.4°

including 1,5, 7.5, 10, 12.5, and 15 uL (R2=0.9945, y = 55.80.2x — 621.92) (Fig. 2-17a). Subsequent
scans were taken of the conversion chambers pre- and post-heating, and the corresponding
volumes were extrapolated from image analysis and according to their placement along the
standard curve. Results indicated that ~83% of the fluid was retained following this heated
incubation step, with pre- and post-heat volumes approximated to be 15.28 + 0.95 and 12.73 +
1.28, respectively (Fig. 2-17b). It can be speculated that fluid is being lost to the intermediate
layers surrounding the chamber, given all outlets are closed to the external environment. In
particular, the chamber vent incorporates a hydrophobic PTFE membrane to prevent fluid loss
and the loading port channel is thermally occluded (e.g., ‘closed’) prior to heating (Fig. 2-16, ‘Post-
Heat’ inset). Thus, it cannot be confirmed whether the loss of fluid leads to DNA loss from the

chamber or simply concentration of the DNA into a reduced aliquot of fluid.

2.3.6. Microdevice Testing with Methylation Standards. To compare the performance of the
conventional ‘gold-standard’ method and the optimized on-disc method, non-methylated
controls were converted at equivalent concentrations and subsequently assessed for relative DNA

recovery and conversion efficiency. Post-BSC, the total amount of DNA in each corresponding
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Figure 2-18. On disc recovery relative to the gold-standard
method. RT-PCR results originating from non-methylated
DNA standards, bisulfite converted gold-standard approach
and microfluidic ‘on-disc’ approaches. Figure adapted from
Turiello et al. 2023.4°
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Figure 2-19. On disc recovery relative to the ’in-tube
microfluidic’ approach. RT-PCR results originating from
non-methylated DNA standards, bisulfite converted
microfluidic ‘in-tube’ and ‘on-disc’ and ‘approaches. Figure
adapted from Turiello et al. 2023.%°

amplification reaction totaled

100, 10, and 1 ng (e.g., 4 ng/uL,
400 pg/uL, and 40 pg/uL,
respectively); unpaired t-tests of
resultant C; values were not
statistically different at each
concentration (a = 0.05, p-values
= 0.6083, 0.0804, 0.4596,
respectively), indicating similar
recovery between the gold-
standard and on-disc methods
2-18).

(Fig. Equivalent

concentrations of non-

methylated standards were also

prepared in-tube using the

microfluidic volumes and

incubation parameters. Relative recovery results indicate similar recovery across conditions for

samples prepared with DNA input amounts of 10 and 1 ng total (unpaired t-tests, a = 0.05, p-

values =

0.5368 and 0.3693, respectively); however, the in-tube microfluidic method

demonstrated markedly increased recovery compared to the on-disc method at 100 ng total

(unpaired t-test, @ = 0.05, p-value = <0.0001), with average C: values of 28.89 + 0.51 and 36.23

+ 2.89, respectively (Fig. 2-19). This may indicate the potential of the microfluidic method at
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Figure 2-20. On disc conversion efficiency relative to the
gold-standard method. HRM results originating from
non-methylated DNA standards, bisulfite converted gold-
standard approach and microfluidic ‘on-disc’ approaches.
Figure adapted from Turiello et al. 2023.%°
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Figure 2-21. On disc conversion efficiency relative to the
‘in-tube microfluidic’ approach. HRM results originating
from non-methylated DNA standards, bisulfite converted
microfluidic ‘in-tube’ and ’‘on-disc’ and ‘approaches.
Figure adapted from Turiello et al. 2023.%°

concentrations higher than 4
ng/uL with optimal microdevice
performance. At this point, the
microdevice provides a faster,
automated BSC alternative that
performs comparably in terms of
DNA recovery, and with only
~1/10%" of the reagent volumes,
theoretically decreasing cost at
scale.

As before, relative conversion
efficiency was assessed with HRM
following the RT-PCR reaction.
While no statistical difference was
determined at the higher
concentration (unpaired t-test, a
= 0.05, p-value = 0.5477),

differences were observed with

the lower DNA input amounts,

including 10 ng (unpaired t-test, @ = 0.05, p-value = 0.0152), and 1 ng (unpaired t-test, @ = 0.05,
p-value = 0.0014). However, the differences between Tm values were negligible overall; on

average, differences between 10 ng eluates ranged 0.55°C £+ 0.20°C and 1 ng eluates were only
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different by 0.32°C + 0.08°C (Fig. 2-20). Comparing these results to the same concentrations of
standards prepared using the in-tube microfluidic method, trends reverse with no statistical
difference at the lowest concentration (unpaired t-test, @ = 0.05, p-value = 0.0001) and noticeable
differences at the higher DNA input amounts of 100 and 10 ng total (unpaired t-tests, a = 0.05, p-
values = <0.0001 and 0.0001, respectively) (Fig. 2-21). At 100 ng total, the in-tube microfluidic
method exhibits lower Tn, values of 0.68°C + 0.14°C compared to its on-disc counterpart, once
again indicating the potential of the microfluidic scheme, if fully optimized to reduce fluid loss.
Overall, the standard deviations, or spread, of T, values was the lowest with the automated, on-
disc method when comparing all conditions and concentrations, speaking to the reproducibility
of this mode. Interestingly, a comparison of each method across concentrations, reveals a
statistical difference between them (two-way ANOVA, a = 0.05, p-value = < 0.0001). While this
may seem peculiar, studies here are completed in a stochastic regime so as to be forensically-

relevant (e.g., 4, 0.4, and 0.04 ng/uL), where starting DNA template is known to impact the
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Figure 2-22. Artifact characterization. (A) Melt curve results depicting the profiles from samples
prepared on-disc with a total DNA input of 100 ng. (B) Electropherograms from the samples
prepared on-disc at 100 ng total, post RT-PCR and HRM. An electrophoretic artifact, or ‘split-
peak’ is observed in the second (middle) replicate. Figure adapted from Turiello et al. 2023.4°
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resulting Tm.3® This same trend is demonstrated later in this work, with conversion by an
alternative commercial method in this same concentration range. Diving deeper into the variation
across BSC preparation conditions and the estimation of conversion efficiency, at the highest DNA
input amount (e.g., 100 ng total in the PCR reaction), an additional peak was reproducibly
observed with HRM (Fig. 2-22A). Generally, multiple melt curves suggest nonspecific
amplification; however, the NTCs did not indicate contamination and the additional ‘peak’
exhibited low amplitude and appeared broad and unresolved (Fig. 2-22A). This brings up a
shortcoming of HRM, whereby an assumption is made that DNA melting is a 2-stage process
resulting in only the detection of amplicons in their double- and single-stranded states. In reality,
there may often be an intermediate state wherein the G/C rich portions of the amplicon maintain
a double-stranded configuration and A/T rich regions disassociate first.>” To confirm this
phenomenon with the FHL2 amplicons at the highest concentrations and with on-disc BSC
eluates, resultant amplicons were separated via microchip electrophoresis. Results indicate the
presence of only one amplicon at 133 base pairs (bp), as anticipated?®, and suggest a multi-stage
melt may occur at higher concentrations with this particular target (Fig. 2-22B).This may also
account for the variation observed here between Tm values across all sample preparation
conditions at 100 ng total.

To evaluate the potential for DNA degradation resulting from conversion-related
fragmentation, the Quantifiler Trio DNA Quantification Kit was used. This kit is typically used in
forensic DNA analysis workflows to quantify DNA, test for the contribution of male genetic
material, and assess the quality of forensic samples that are often subject to environmental

influences that lead to nucleic acid degradation.3® 3° Degradation indices are automatically
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Figure 2-23. Degradation Study. (A) Standard curves constructed for large (i.) and small (ii.)
autosomal targets. (B) degradation indices calculated for three replicates prepared via the on-
disc method. Figure adapted from Turiello et al. 2023.%°

calculated by the associated software and based upon C: values of diluted standards for large and
small autosomal targets. Here, R? values were high (>0.99) (Fig. 2-23A) and the associated Internal
PCR Control (IPC) amplified as expected, indicating the amplification reaction was not affected by
any inhibitors and efficiency was as expected.*® Calculated degradation indices from non-
methylated DNA standards converted on-disc via the uCD method are <1, indicating that the DNA
is not degraded or inhibited.*° Additionally, indices are fairly consistent between conversion
replicates and indicate consistency with regard to degradation (Fig. 2-23B). These results are both
relevant to forensic use of the workflow and confirm that degradation via the uCD method should

not interfere with interpretation at this concentration (~1.25 ng/uL).

2.3.7. Comparison to an Enzymatic Method for Cytosine Deamination. In response to the
aforementioned issues associated with gold-standard bisulfite conversion, namely DNA
fragmentation and loss, alternative methods for the conversion of cytosines for epigenetic
analysis have been developed commercially.*" 4% 43 44 One such commercialized method forgoes
chemical conversion and relies upon an apolipoprotein B mRNA-editing enzyme, catalytic peptide

(APOBEC) for the deamination of cytosine to uracil, leaving modified cytosines (e.g., 5-
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Figure 2-24. Preliminary recovery data from an 9SP-BSC with this alternative

enzymatic approach to cytosine conversion. RT-PCR
results originating from enzymatically converted non-

methylated DNA standards. Figure adapted from Turiello
et al. 2023.4° methylated control DNA was

method for conversion, non-

enzymatically converted at
equivalent amounts of input DNA, as before. Figures 2-24 and 2-25 show the results from
duplicate enzymatic conversion reactions in terms of relative DNA recovery and conversion
efficiency, respectively. Generally, relative recovery results were inconsistent in comparison with
the uCD method, indicating that the microdevice method showed greater DNA recovery at total
DNA input amounts of 100 ng (LCD mean C; values 5.42 + 2.13 lower) and lower recovery at 10
ng total (LCD mean C: values 3.37 + 1.26 higher) (Fig. 2-24). While recovery at 1 ng total, perhaps
the most forensically-relevant range, was found to show no statistical differences between
average C; values (unpaired t-test, @ = 0.05, p-value = 0.4174). However, this is likely the result of
stochastic differences across all samples processed within this concentration range; a direct
comparison of units reveals a lower mean C; difference of 1.28 &+ 0.06 for samples prepared via
the microdevice, indicating overall higher recovery (Fig. 2-24). When comparing Tm values

associated with the enzymatic approach, temperatures are statistically different across
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Figure 2-25. Preliminary recovery data from an
enzymatic approach to cytosine conversion. RT-
PCR results originating from enzymatically
converted non-methylated DNA standards. Figure
adapted from Turiello et al. 2023.%°

concentrations (one-way ANOVA, a = 0.05,
p-value = <0.0001), potentially indicating
that DNA input amount influences
conversion efficiency (Fig. 2-25). However,
in estimations of conversion efficiency via
HRM, the enzymatic method
outperformed the microfluidic approach
by a mean temperature difference of 1.02
+ 0.11°C; these differences were also
found to be statistically significant
(unpaired t-test, « = 0.05, p-value =

<0.0001). In total, preliminary results

comparing the uCD and enzymatic approaches indicate that performance is likely dependent

upon DNA input amount with regard to recovery and slightly improved in terms of conversion

efficiency with the enzymatic method. Of course, the data set and analytical range tested here is

relatively small and further testing is required for a true comparison. With regard to manual

intervention and time at the bench, the enzymatic approach required DNA pre-processing (e.g.,

shearing), 11 more reagents and associated manual handling steps/tube transfers, and 6

additional hours of processing time compared to the uCD method.

2.4. Conclusions
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The chemical modification of cytosine residues to uracil via bisulfite conversion has
remained largely steadfast since its conception several decades ago*’ and is widely accepted to
be associated with DNA degradation and loss*®. For the preponderance of epigenetic applications,
this loss may be compensated for by using samples known to contain higher concentrations of
nucleic acids and/or by incorporating upstream enrichment techniques to increase DNA
concentration from a large volume of sample. Unfortunately, forensic casework samples are
known to have limited DNA contributions that are often fragmented for a number of reasons,
including limited sample deposits, environmental exposure, or sample partitioning for
individualizing identification efforts, to name a few. Thus, applications in forensic epigenetics,
wherein DNA is subject to an additional, deleterious sample preparation process post-extraction,
may result in complete loss of the sample and are, therefore, not ideal for integration with the
forensic workflow in their current form. Additionally, the adage of another ‘open-tube’ process
with several labor-intensive pipetting steps increases time at the bench, the risk for
contamination, and opportunities for errors by the analyst.

The above work describes a microfluidic solution for forensic epigenetic sample
preparation that decreases contamination risks and the potential for interoperability issues that
are often associated with manual handling.*® By leveraging decreased, microfluidic volumes, the
described method enables reduced incubation times by ~40% compared to the gold-standard and
modified in-tube approaches, and preliminary results indicate increased recovery compared to a
gold-standard method. The uCD itself incorporates centrifugal force and sacrificial, laser-based
valving for fluidic control and the performance of discrete unit operations, permitting

automation, reproducibility, and an overall small footprint for preparation of up to four samples
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in parallel. The fully-integrated device does exhibit some fluid loss through uptake to the
surrounding material during the longest incubation step (e.g., sulphonation and deamination)
that may be associated with loss of sensitivity compared to an in-tube microfluidic approach; yet,
when comparing controls converted with both gold-standard and on-disc approaches at multiple
concentrations, there are no statistical differences in recovery and only negligible differences in
conversion efficiency. Likewise, samples prepared via the uCD show no evidence of DNA
degradation or inhibition from residual reagents (e.g., ethanol) in the converted eluate, as
indicated by a commercial kit intended for forensic characterization of these particular factors.
Finally, in a limited comparison of the uCD method and an alternative, enzymatic approach for
cytosine conversion, the results were largely stochastic, but indicate that DNA input
concentration may be a key factor of performance. Additionally, the enzymatic method
necessitated shearing the DNA up front for successful conversion and required a 300x increase in
time at the bench, several manual handling steps, and 11 more reagents when compared with
the uCD approach. In summary, this work demonstrates progress toward a microfluidic bisulfite
conversion method that is more amenable to integration with the forensic DNA workflow but will
benefit from further quantitative validation and characterization in the future. Looking to the
future, there are a variety of methylation-based applications that would benefit from an
automated and miniaturized sample preparation workflow across multiple sectors, as predictive
biomarkers have been identified for cancer,>® neurodegenerative®! and psychiatric®? disorders,

and therapeutic outcomes,*3 to name a few.
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Chapter 3. Toward an Integrated Microfluidic Method for Forensic Epigenetic Sample

Preparation

Publication(s) included in Chapter 3:
e Turiello, R.; Chambers, T. G.; Enwere, M.; Straub, M. N.; Williamson, N.; Nouwairi, R. L.;
Landers, J. P. Toward an Integrated Microfluidic Method for Forensic Epigenetic Sample

Preparation. Lab on a Chip, In Preparation.

3.1. Introduction

Forensic human identification is based upon genetic variation, with the preponderance of
testing relying on a unique set of repeating sequences known as short tandem repeats (STRs) that
are capable of differentiating one person from another with high discriminatory power.! As an
alternative, single nucleotide polymorphisms (SNPs) may be exploited to shed investigative light
on an individual’s bio-geographical ancestry, lineage, or phenotypic traits, such as hair, skin, or
eye color.3* Likewise, probing epigenetic variation can provide information related to both
identification and contextual information, such as human age and tissue source attribution (i.e.,
body fluid identification), respectively.>® In particular, the phenotypic information that may be
inferred from methylation-based epigenetic signatures have proven to be as confounding as they
are informative in some cases’; and yet, several interrogation panels have been developed that
are robust enough to differentiate between monozygotic twins,® predict smoking habits,® and
determine chronological age within less than a year of accuracy. Unlike STR and SNP analysis,

methylation interrogation requires a labor-intensive sample preparation process that includes
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both DNA extraction and bisulfite conversion (BSC), processes that independently result in a
magnitude of DNA loss.

Gold-standard methods for forensic DNA extraction involve cellular lysis, followed by the
silica-assisted purification of the nucleic acid (NA) in a packed column or dynamic solid phase (i.e.
silica beads).! For purification, the DNA is bound to the silica surface in the presence of a
chaotrope via hydrogen bonding and hydrophobic interactions so that NAs may be separated
from bulk cell lysate and contaminants.!! This DNA-silica adsorption is variable and highly
dependent on pH, buffer constituents, and the concentration of DNA in solution; in fact, some
percentage of the DNA will be unrecoverable as a result of either becoming irreversibly bound to
silica or not bound at all.}? For epigenetic analysis, purified DNA eluates will then be subjected to
BSC, a method that preferentially deaminates all cytosines not containing a methyl tag to uracil;
in the amplification reaction that follows, converted uracil bases are copied as thymine.!3 The
conversion reaction results in DNA loss through chemical decomposition, whereby the N-glycosyl
bond of pyrimidine bases (i.e., cytosine, uracil, and thymine) is cleaved to produce abasic sites
following prolonged incubation with ammonium bisulfite.!* In essence, the reaction causes DNA
fragmentation by abasic site-related strand scission, making downstream detection by
amplification more challenging.* Mitigating this phenomenon is difficult, as bisulfite-related DNA
loss increases linearly with incubation time, but shorter incubation times using standard reaction
volumes result in low conversion efficiency and poor prediction results (i.e., false
positives/negatives).®

The loss of genetic material resulting from both extraction and conversion are less

problematic for clinical applications in which a large volume of sample is taken; this of course
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does not include those applications focused on extremely limited NA concentrations such as cell
free or circulating tumor DNA testing (i.e., liquid biopsy).!® However, the DNA encountered in the
forensic context is limited and often highly degraded for a variety of reasons, largely having to do
with its deposition in environments that subject it to unfavorable temperature, humidity, and
ultraviolet (UV) radiation conditions.!” Therefore, additional DNA loss as a result of the coupled
sample preparation processes is suboptimal, especially when the conservation of that DNA is of
the upmost importance. In addition, adding another step (i.e., epigenetic conversion) to the time-
consuming and labor-intensive workflow of forensic DNA typing is a barrier-to-entry in already
overburdened laboratories with strict standards for quality and assay performance.8 In response,
we previously developed an automated method for forensic epigenetic conversion that utilizes
rotational force and a microfluidic format to automate the BSC process with the goal of enhancing
DNA recovery compared to a gold-standard method.'® Characterization of the microCD (uCD)
method was completed with differentially-methylated DNA standards and multiple downstream
analytical modes to assess relative DNA recovery, conversion efficiency, and resultant
degradation.!® Despite the system’s general success in terms of DNA recovery and analytical time
saved with conversion, the reality is that the method described!® requires the introduction of
previously extracted genetic material from human cells.

In an effort to streamline the entire sample preparation workflow for forensic epigenetic
use and further enhance DNA recovery, the following chapter examines the incorporation of an
enzymatic method for DNA release to be incorporated upstream of the microfluidic conversion
process. In contrast to the conventional solid-phase approaches considered the “gold-standard”

for DNA extraction, the enzymatic method requires no purification and thus, allows the analyst
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to avoid loss due to sequential silica washes. As a proof-of-concept, this chapter evaluates
whether or not enzymatic extraction is compatible with downstream conversion by ammonium
bisulfite using standards, cloned K-562 cells, and venous blood samples. Compatibility is
evaluated in terms of real-time polymerase chain reaction (RT-PCR), high resolution melting
(HRM), electrophoresis, and pyrosequencing, using targets known for their utility in human age
prediction.19292122 Toward a fully integrated approach to epigenetic sample preparation, a
rotationally-driven device design in proposed and assessed using colorimetric dye studies and

preliminary testing with venous blood samples.

3.2. Materials and Methods

3.2.1. Sample Materials. Amplification and detection chemistry was tested with the Human
Methylated and Non-Methylated DNA Set (Zymo Research, Irvine, CA, USA) at a stating
concentration of 250 ng/uL. K-562 cells were purchased and prepared at a concentration of 125k
according to manufacturer recommendations (ATTCC, Manassas, VA, USA) and resuspended in
phosphate buffered saline (PBS) (Thermo Fisher Scientific. Waltham, MA, USA). Blood samples
were collected, de-identified, and prepared by University of Virginia Hospital. As a positive
control, 1 plL of the Universal Methylation Human DNA Standard (Zymo Research, Irvine, CA, USA)
at an initial concentration of 20 ng/uL was used for each reaction. Negative controls substituted
nuclease-free water for sample for both extraction and bisulfite conversion to ensure no
contamination due to handling. No template controls consisting of nuclease-free water were also

used in place of converted extract for all amplification reactions. USA).
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3.2.2. DNA Extraction. Extraction by the “gold-standard” method used the DNeasy Blood & Tissue
Kit (QIAGEN, Hilden, Germany) according to manufacturer’s instructions, but with a 50 pL elution
volume. To ensure maximum recovery from silica columns, the total volume of elution buffer was
run through the column a total of 3x by pipette. EA1 extractions were completed in parallel with
a reaction volume of 50 pL for ease of comparison. Each reaction consisted of 5 ulL of BLUE Buffer
(MicroGEM International, PLC, Charlottesville, VA, USA), 1 uL EA1l Enzyme (MicroGEM
International, PLC), and a variable amount of DNA-free water, based upon the input volume of
aqueous sample. For K-562 cells, 44 uL of water was added; thus, the reaction chemistry was used
to rehydrate flash frozen cell pellets. To test the chemistry with aqueous blood samples, 10 pL of
whole blood was mixed with 34 uL of DNA-free water. The same reagent volumes were used for

samples prepared via FLOQSwabs® (Copan Diagnostics, Murrieta, CA, USA).

3.2.3. Assessment of DNA Recovery and Template Conversion. Amplification by and detection
by RT-PCR of eluates resulting from extraction and conversion leveraged the ZymoTaq™ PreMix
(Zymo Research, Irvine, CA, USA) chemistry. According to manufacturer recommendations, 50 pL
reactions were comprised of 25 uL of ZymoTaq™ PreMix, 1.25 uL of 10 uM forward and reverse
primers (0.25 uM) (Integrated DNA Technologies, Coralville, lowa, USA), 20.5 uL of nuclease-free
water, and 2 pL of input DNA. Half reactions consisted of exactly half the volume of reagents used
in 50 pL reactions and those half reactions containing 2x DNA and 2x primers used 2 pL of input
DNA and 1.25 pulL of 10 uM forward and reverse primers (0.5 M) in a 25 pl reaction. Samples
were amplified and melted in triplicate on the QuantStudio 5 Real-Time PCR System with

detection in the FAM channel (Thermo Fisher Scientific, Waltham, MA, USA). Thermal conditions
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included initial denaturation (95°C, 600 s), 45 cycles of denaturation (95°C, 30 s), annealing
(49.5°C, 45 s), and extension (72°C, 60 s), and a final extension step (72°C, 420 s). For the
annealing temperature study, the Flex function was used to test multiple annealing temperatures
simultaneously, including 49, 49.5, 50, 50.5, 51, and 51.5°C. Samples were considered positive if
they crossed the instrument threshold, generating a C; value. HRM was also completed using the
QuantStudio 5 system; immediately following RT-PCR, the reaction was heated to 95°C for 1 s for
denaturation, subsequently cooled to 50°C and held for 20 s, before being incrementally heated
to 95°C at a rate of 0.1°C/s. Data acquisition occurred at each temperature interval and the

instrument’s software produced Tm values for each samples based upon its own algorithm.

3.2.4. Microfluidic Device Design and Fabrication. Microdevices were designed using AutoCAD
software (Autodesk, Inc., Mill Valley, CA, USA) with channels enabling fluid flow via valve
actuation and rotational force; channels were designed to be approximately 100 um deep and
have widths between 400 and 500 um. Engineered renderings were translated to polymeric
materials via a CO; laser (VLS 3.50, Universal Laser Systems, Scottsdale, AZ, USA). The core device
is primarily constructed from five poly(ethylene terephthalate) (PeT) layers (Film Source, Inc.,
Maryland Heights, MO, USA). Layers 2 and 4 are encapsulated in a heat-sensitive adhesive (HSA)
(EL-7970-29, Adhesives Research, Inc., Glen Rock, PA, USA) to enable thermal bonding via the
“print, cut, laminate” (PCL) method?3 by a commercial-off-the-shelf laminator (Ultralam 2508,
Akiles Products, Inc., Mira Loma, CA, USA). Layer 3 consisted of a black PeT (bPeT) (Lumirror X30,
Toray Industries, Inc., Chuo-ku, Tokyo, Japan) layer to enable laser-based valving, as previously

described.?#%> Chamber thicknesses were enhanced compared to previous iterations,® whereby
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accessory pieces consisting of poly-(methyl methacrylate) (PMMA) (1.5 mm thickness, McMaster
Carr, Elmhurst, IL, USA) capped with PeT and bonded by pressure-sensitive adhesive (PSA) transfer
tape (MSX-7388, 3M, Saint Paul, MN, USA) were added to the top and bottom of the device. To
ensure fluid retention during heated incubations, polytetrafluoroethylene (PTFE) hydrophobic

membranes (0.2 um, Sterlitech, Auburn, WA, USA) were added to select vents.

3.2.5. Mechatronic Systems for Microfluidic Operation. Mechatronic systems that permit
centrifugal force, enable laser-based valving, allow for magnetic mixing of silica particles, and
heating on the device were all designed in-house, as previously described. 2>2527 Each system is
controlled by 8-core microcontrollers (Propeller PBX32A-M44; Propeller, Inc., Rockland, CA, USA)
that are coded for functionality by a custom software program, Spin, from a corresponding
external laptop. The Power, Time, and Z-Height Actuated (PrTZAL) System enables laser-based
valving and imparts centrifugal force onto the device.?> Valves consisting of bPeT are opened and
channels are closed when the 638 nm laser diode is adjusted in terms of laser power, time, and
distance from the surface of the disc, as before.'® Laser valves were ‘opened’ by setting the power,
time, and z-height parameters to 500 mW, 500 ms, and 15 mm above the surface of the disc,
respectively. As before, laser valves were ‘closed’” with corresponding settings of 700 mW, 2500
ms, and a z-height distance of 26 mm. On-disc heating was completed with the help of a dual-
clamped Pelter system.?® Similarly, a dynamic solid phase extraction (dSPE) system enabled
“sweeping” of magnetic beads during the integrated dye study.?® Each mechatronic system may
be programmed to complete a set of commands using the Spin code graphical user interface

(GUI).
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3.2.6. Dye Studies and Image Analysis. Aqueous dye solutions were used to visually represent
reagents slated for microfluidic extraction. For colorimetric image analysis, yellow and blue dyes
were representative of extracted lysate and ammonium bisulfite, respectively. Disc images were
captured with an Epson Perfection V100 Photo desktop scanner (Seiko Epson Corporation, Suwa,
Nagano Prefecture, Japan) and converted to HSB stacks using the Fiji Imagel freeware.
Transformed data was analyzed via the “crop-and-go” technique, whereby the hue of a
designated region of interest within each chamber and parallel measurements of control dye
solutions were compared to extrapolate the volume of metered lysate. For the second generation
integrated design dye study, FLOQSwabs (Copan Diagnostics, Murrieta, CA, USA) were saturated
with 0.1 M Allura red dye solution (Sigma-Aldrich, St. Louis, MO, USA) diluted in 1x Tris-EDTA

Buffer, pH 7.5 (Sigma-Aldrich, St. Louis, MO, USA).

3.2.7. Microfluidic Enzymatic Extraction. The microfluidic extraction process can be followed in
a representative schematic, shown below. A full FLOQSwab (Copan Diagnostics) was introduced
to the corresponding swab chamber and capped with a laser-ablated PeT coverlet by PSA. A 50
pL volume of extraction cocktail, comprised of 5 puL BLUE Buffer (MicroGEM International), 1 uL
of EA1 Enzyme (MicroGEM International), and 44 pL of DNA-free water, is added to the extraction
chamber through the associated loading arm. The channel leading to the loading arm (valve 1) is
then laser ablated (or ‘closed’) via the PrTZAL system.?> Lysate metering occurred following the

laser actuation of valve 2 to introduce fluid from the enzymatic lysis swab chamber to the lysate
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metering and overflow chambers. For the purposes of this stage of optimization, fluid was

recovered at this stage of the process of conventional conversion processing.

3.2.8. Electrophoresis. Size-based separation of DNA was completed with the 2100 Bioanalyzer
Instrument (Agilent Technologies, Santa Clara, CA, USA). The Agilent DNA Kit (Agilent) was used
according to manufacturer recommendations with 9 L of Gel-Dye Matrix, 5 uL of DNA 1000
Marker, 1 uL of DNA 1000 Ladder, and 1 pL of converted DNA eluate added to the corresponding

wells in the microfluidic chip. The 2100 Expert Software (Agilent) was used for analysis.

3.2.9. Pyrosequencing. Bisulfite-converted material was amplified in the ELOVL2 target region,
according to specifications from Kampmann et al. 2024.%2 Each eluate was amplified in a total
reaction volume of 25 pL consisting of 12.5 uL 2x PyroMark PCR Master Mix (Qiagen), 2.5 pL
CoralLoad Concentrate (Qiagen), 1.5 plL of combined forward and reverse primers (0.6 uM final
concentration) (Qiagen), 3 uL of DNA-free water, and 5 pL of sample. Per author’s
recommendation, the PCR cycling parameters consisted of PCR activation (95°C, 15 min), 50 cycles
of denaturation (95°C, 30 s), annealing (48°C - 52°C, 20 s), and extension (72°C, 30 s), and a final
extension (72°C, 10 min). The annealing temperature ramped from 48°C - 52°C during the first
10 cycles of the reaction, using the Veriti Thermal Cycler (Thermo Fisher Scientific).
Pyrosequencing was completed on the PyroMark Q48 Autoprep (Qiagen) according to
manufacturer’s instructions and with sequencing primer at a concentration of 6 uM. Each well on
the PyroMark Q48 discs were loaded with 10 uL of sample and 3 pL of beads. Eluates were

amplified in duplicate and volumes were combined to allow for pyrosequencing of each extracted
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and converted replicate in triplicate. The PyroMark Q48 software was used to estimate
methylation percentages at each locus and indicate whether sequencing runs passed, required

checking, or failed via a color coding system of blue, yellow, and red, respectively.

3.2.10. Statistics and Reproducibility. C: and T values were described as the mean + standard
deviations for all technical BSC replicates and/or amplification replicates. Significance testing by
t-test and ANOVA were completed with GraphPad Prism Software (San Jose, CA, USA). All
described t-tests are two-tailed, using unpaired comparison parameters, and with a significance
(ax) of 0.05 (e.g., 95% confidence interval). Any analysis of variance (ANOVA) used a one-way

framework and with a the same 95% confidence interval parameters.

3.3. Experimental
3.3.1. DNA Extraction Method Selection. The conventional method for forensic DNA extraction
(Fig. 3-1) utilizes sodium dodecyl sulfate (SDS) and a serine protease (i.e., proteinase K, pro K) to

effectively lyse cells and digest structural proteins and enzymes that would otherwise lead to the
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Figure 3-1. Typical solid-phase extraction process. Cellular lysis by proteinase K and SDS is
followed by silica-based purification by column.
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Figure 3-2. Enzymatic NA extraction. Cellular lysis accomplished with neutral protease EA1
at 75°C and subsequently rendered inactive at 95°C. This step would be integrated upstream
from epigenetic conversion using the previously disclosed microfluidic system.

degradation of genetic material or inhibition of downstream target amplification.?® These
inhibitory reagents and denatured proteins, such as DNases, are removed during purification,
whereby they are filtered out in a silica solid phase, ultimately producing a purified DNA eluate.
This purification process leads to variable loss of unrecoverable DNA in response to several factors
having to do with the pH, buffer constituents, and DNA concentration compared to the silica
substrate.’? To mitigate the loss of genetic material as a result of silica-based purification, this
work incorporates an alternative method for DNA extraction based upon the introduction of a
highly thermostable neutral protease from Bacillus sp. strain EA1.3° Extraction by the EA1 enzyme
permits nucleic acid preparation in a single tube, whereby the enzyme’s action is dependent upon
temperature alone (Fig. 3-2). Furthermore, the enzyme is functional in a buffer compatible with
downstream amplification, removing the need for pro K, SDS, harsh chemicals, and silica
purification altogether. The EA1 method has been explored for its utility with forensic DNA
extraction from both biological samples and degraded stains,33? and was recently

developmentally validated for this purpose.3® Here, | propose the coupling of DNA extraction, by
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the EA1 method, with epigenetic conversion by bisulfite (Fig. 3-2). This work demonstrates that
non-purified eluates resulting from EA1 lysis are compatible with epigenetic conversion and
downstream testing. To the author’s knowledge, this is the first time enzymatic lysis by EA1 has

been coupled with bisulfite conversion for epigenetic analysis.

3.3.2. Assessment of DNA Recovery and Template Conversion. To evaluate the relative DNA
recovery and template conversion originating from different sample preparation modes and
parameters, cycle threshold (C:) and melting temperature (Tm) values were compared following
amplification by RT-PCR and HRM of the FHL2 target. This target has been associated with human
age prediction by HRM post-amplification,?° and was previously used for conversion optimization
using RT-PCR and HRM on a microfluidic system.*® Thus, these particular FHL2 primer sequences

have been tested for relevance, function, and performance with the associated conversion
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Figure 3-3. Optimization of chemistry for recovery and conversion efficiency estimation. (A)
RT-PCR and (B) HRM results, comparing methylation standards amplified with a manufacturer
recommended protocol versus those containing altered half-volume reactions.
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chemistry. However, this work utilizes a different amplification chemistry, necessitating additional
optimization. Herein, amplification and detection leveraged the ZymoTaq™ PreMix, in which the
interchelating dye is premixed into a solution designed to limit non-specific amplification
products in low-complexity, bisulfite-treated templates. This chemistry was tested with bisulfite
converted, methylated DNA standards according to manufacturer recommendations and at half-
reaction volumes under three conditions: 1) using manufacturer recommended concentrations,
2) with 2x the amount of DNA, and 3) with 2x the recommended concentration of DNA and
primers. Figure 3-3A depicts resultant C: values originating from each condition. No statistical
differences between full and half-volume reactions are observed (unpaired t-test, a = 0.05, p-
value = 0.686) and samples prepared with 2x the concentration of primers and DNA showed
enhanced detection sensitivity by ~5.517 (+ 0.389) C: units. No template controls were run
according to each parameter described; results (data not shown) showed no signal beyond
baseline noise, indicating no non-specific amplification (NSA). HRM profiles for methylated
standards showed only one peak (78.319 + 0.182) and demonstrated no statistical differences
between parameters (One-way ANOVA, o = 0.05, p-value = <0.0001), confirming amplification
results that indicated no NSA (Fig. 3-3B). Moving forward, amplification conditions leveraging
twice the concentration of primers and volume of input DNA were selected for further testing.
Given the disparity of guanine and cytosine (GC) content that is innate to methylated and
non-methylated standards post-conversion, it is understandable that there will be a disparity in
amplification efficiency (i.e., PCR bias) and Tm. Figure 3-4 shows the differences between
replicates of converted methylated and non-methylated standards, amplified with multiple

annealing temperatures ranging from 49°C to 51.5°C. Generally, methylated standards produce
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Figure 3-4. Annealing temperature testing of differentially-methylated amplicons by RT-
PCR. (A) Amplification plot and (B) C: values originating from annealing temperature testing

with methylated and non-methylated amplicons.

much later C; values, as their GC content is preserved and repeated denaturation and extension

is slower thanks to a higher hydrogen bond content in comparison to their unmethylated

counterparts. In an effort to mitigate the favoring of one transcript over another, an annealing

temperature of 49.5°C was selected, as it exhibited the lowest differences between C: values

(Figure 3-4B). Average Tnm values for the non-methylated and methylated amplicons using this

chemistry can be visualized in Figure 3-5. In the following section, these melt temperatures will
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Figure 3-5. Annealing temperature testing of
differentially-methylated amplicons by HRM.
Melt curve profiles originating from annealing
temperature testing with methylated and non-
methylated amplicons.

be used to assess comparative conversion
efficiency following extraction by EA1 and

a commercialized, gold-standard method.

3.3.3. Assessment of Relative DNA
Recovery from EA1 and a Gold-Standard
Method The

for DNA Extraction.

enzymatic method for NA extraction does
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not require purification by silica beads or a packed column, as the gold-standard methods do. As
discussed, a significant amount of genetic material is lost to the purification process as some NAs
may fail to bond, while others are bound irreversibly.}? The assumption follows that extraction by
the EA1 method will result in a significant increase in DNA recovery, compared to gold-standard
silica methods; for precedent, preliminary data suggests this is true for RNA lysed from SARS-CoV-
2 virions.?’ To compare relative recovery as a result of the purification process alone and coupled
with conversion, pre-purified non-methylated and methylated standards were “extracted” in
parallel by the EA1 method and a Qiagen solid-phase approaches. For comparison, these same
standards were used to generate standard curves for each condition within a relevant

concentration range (Fig. 3-6). A standard curve was constructed using both non-methylated and
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Standards e ¥ 2UON)  concentration | ctvale | ] e v= -4'2252’( +28.838
(ng/uL) (ng/ul) 35 | el Q. R?=0.9961
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2s T
Methylated 0.1 -1.000 34.063 é
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Figure 3-6. Standard curves for relative quantification. C: values generated for
concentrations ranging from 10 — 0.01 ng/uL from (A — B) non-methylated standards and (C
— D) methylated standards post-conversion. Note that there was no C; value generated from
methylated standards amplified at 0.01 ng/uL (C) and this point was therefore not included
on the requisite standard curve (D).
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Figure 3-7. Comparative standard DNA
recovered post extraction and epigenetic
conversion. Statistically different C: values
originating from extraction of non-methylated
and methylated DNA standards by the
enzymatic (EA1) and gold-standard (solid-phase
chemistry) methods.

methylated standards for direct
comparison, as PCR bias can influence any
relative recovery estimations.'® Each curve
demonstrated excellent linearity (non-
methylated R? = 0.996, methylated R? =
0.997) and was thus used to extrapolate
relative DNA concentrations in ng/ulL,

substituting the C; value of any “unknown”

samples for the “y-intercept” value.

Figure 3-7 compares the C; values generated following DNA extraction by either EAl or

gold-standard methods for both non-methylated and methylated standards. For each, significant

statistical differences were observed between conditions (unpaired t-tests, a = 0.05, non-

methylated p-value = 0.0004, methylated p-value = 0.001), suggesting some amount of genetic

material is lost to the purification process by the gold-standard method when compared to EA1.

Examining the data further, the relative average concentrations were calculated and depicted in

Table 3-1, where the percentage of DNA recovered was determined to be ~29% and ~50% with

Non- EA1 0.359 £ 0.213 28.680 + 17.066
Methylated | gg 0.025 + 0.026 2.034 +2.119
EA1 0.359 £ 0.078 49.947 £ 6.213
Methylated
GS 0.025 + 0.070 23.775 + 5.583

Table 3-1. Estimated recoveries by method.
The average concentrations and relative DNA
recovered from each method.

EA1 and ~2% and ~24% with gold-standard
extraction. While these results cannot be
used to surmise the total DNA loss as a
result of extraction alone, as a significant
portion of NA material is lost to epigenetic

conversion by bisulfite,* they can be used
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Figure 3-8. Comparison of conversion
efficiency post extraction and
epigenetic conversion. Statistically
similar Tm values originating from
extraction of non-methylated and
methylated DNA standards by the
enzymatic (EA1) and gold-standard
(solid-phase chemistry) methods.

to calculate relative total loss due to extraction. It
was extrapolated that approximately 26% of DNA
is lost to the gold-standard method, in comparison
to EAL, likely during the purification phase of the
workflow. This estimate was consistent across
methylated and unmethylated standards,
providing replicate results as to the approximated
percentage of total DNA lost.

Whether or not DNA extraction method
had any effect on downstream conversion could be

gauged with HRM, at least as it relates to our target

of interest. Of course, the most relevant results

would originate from non-methylated standard DNA, as any cytosines sans methylation would be

subject to uracil conversion and demonstrate differences in conversion efficiency that might arise

from altered reaction conditions. Figure 3-8 shows the relative melt temperatures, which

demonstrate no statistical differences when preparation conditions are compared using unpaired

t-tests for both non-methylated and methylated standards (o = 0.05, p-values = <0.411 and 0.055,

respectively). These data indicate there are no repercussions as a result of either extraction

method as far as cytosine conversion is concerned. In summary, the EA1 method demonstrates

increased DNA recovery compared to a gold-standard method requiring silica-based purification

and the EA1 method confers no effects to conversion.
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Figure 3-9. Relative DNA recovery with K-562
cells. A comparison of C; values post extraction  indicating whether or not the non-purified
and bisulfite conversion by the enzymatic and
gold-standard methods indicates increased €luate that results from an enzymatic

recovery by the enzymatic method.
extraction is amenable to downstream

conversion. Simply put, the extract resulting from an enzymatic lysis protocol will contain
extracellular and cellular debris that may confer effects detrimental to the conversion process,
which is known to require “purified” NA.

To assess compatibility in terms of DNA recovery and conversion efficiency, preliminary
testing was completed with cultured cells from the a human erythroleukemic K562 cell line.34
Samples were bisulfite converted and amplified following extraction by the EA1 method, as well
as a Qiagen approach to serve as the gold-standard for comparison. Figure 3-9 displays the
resultant C: values from the preparation of two cloned samples; a visible statistical difference is
demonstrated as a result of the different preparation procedures (unpaired t-tests, o = 0.05, p-
values = <0.0001 and 0.0009, respectively). The EA1 method generated amplicons with averaged
and combined C; values approximately 9 units lower than the GS method. Melt temperatures (i.e.
Tm values) were also compared to indicate heterogeneity of the amplicon product following

conversion, and the relative conversion efficiency between methods. Figure 3-10 shows that
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Figure 3-10. Compared
conversion efficiency with K-562
cells. A comparison of T, values
post extraction and bisulfite
conversion by the enzymatic and
gold-standard methods indicates
no statistical differences.

average Tm values from gold-standard and EA1 extraction
methods have no statistical differences between
replicates (unpaired t-test, o = 0.05, p-value = 0.1544). In
addition to signifying comparable relative conversion
efficiency between methods, the presence of a singular
‘peak’ demonstrates the presence of only one PCR
product and indicates complete conversion of the FHL2
target. A comparison of the combined data with K-562
cells indicates that extraction by EA1l is not only
compatible with downstream conversion and targeted RT-
PCR, but that it may results in increased sensitivity of the

total assay with no hindrance to conversion efficiency.

3.3.5. Compatibility of EA1 with Epigenetic Conversion by Bisulfite using Blood Samples. The

compatibility demonstrated with K-562 cells is promising, but certainly preliminary and not

indicative of the chemistry’s practical utility for a forensic epigenetic application. The

preponderance of cellular mixtures used for forensic epigenetic analyses originate from blood

samples containing a variety of contributions including red and white blood cells, platelets, and

plasma. For forensic identification, DNA purification by a gold-standard silica process is purported

to isolate the NA material away from potential inhibitors, such as hemoglobin and

immunoglobulin G that would adversely affect amplification via diminished polymerase activity,

and fluorescent molecule/single-stranded DNA binding.>®
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Figure 3-11. Relative DNA recovery with aqueous blood samples. A comparison of C; values
post extraction and bisulfite conversion by the enzymatic and gold-standard methods
indicates increased recovery and variability between technical replicates by the enzymatic
method.

The results from an initial study using aqueous blood samples to compare the EA1 method
with a solid-phase approach, both coupled with epigenetic conversion, is shown in Figure 3-11.
Triplicate analysis demonstrated statistical differences between preparation conditions (unpaired
t-test, a = 0.05, p-value = 0.0001). Similar to previous testing with non-methylated standards and
K-562 cells, results demonstrated increased DNA recovery at this locus compared to the gold-
standard method; average C: values derived from EA1 and GS prepared samples were ~32.82 and
~39.36, respectively. However, there was a slight increase in variation between extraction
replicates prepared by the enzymatic method, as the average standard deviation increased ~0.796
units for EA1 preparations. Regarding conversion efficiency, no statistical differences emerged
from an unpaired t-test comparing all T, values (o = 0.05, p-value = 0.323), data not shown. In
essence, a first pass at testing blood samples indicated increased DNA recovery with EA1, but

perhaps resulting in increased stochasticity between sample replicates as well.

121



50 80 =
45 PPN
ns
40 784 —0
35
g0 g ° - e o
S 25 gl e ® o
J 20 ®
Q
15 £ 74
10 o
5
72 —
0
Q> Q'J' Qg’ x (\\\ (Je é\("
O Q," 70
‘ & T T T T
EA1 Extractions d& R1 R2 R3 +
EA1 Extractions

Figure 3-12. Coupling enzymatic extraction with epigenetic conversion using blood
samples. (A) A comparison of C: values post extraction and bisulfite conversion by the
enzymatic method indicates consistent performance between replicates. (B) Tm values also
demonstrate no differences in conversion efficiency between technical replicates.

The potential for variable performance with enzymatic lysis was addressed with additional
replicate testing. For context, it was determined after testing the blood samples portrayed in
Figure 3-11 that the large-volume blood aliquots were subject to several freeze-thaw cycles, likely
contributing to irregular cellular lysis and DNA degradation.3® Thus, freshly prepared blood
samples were extracted in triplicate by EAl in a follow-up experiment. Figure 3-12 shows the
resultant Ct and Tr values, both of which demonstrate no statistical differences between technical
replicates (One-way ANOVAs, a = 0.05, p-values = 0.707 and 0.070, respectively). Taken into
context with previous results, extraction of blood samples with EA1 confirmed compatibility of
the method with forensically-relevant cell types and matrices slated for epigenetic analyses, at
least as it relates to RT-PCR and HRM analyses. Furthermore, the results showed selection of this
method would result in increased DNA recovery and comparable conversion efficiency compared

to a gold-standard approach, a feature that would improve epigenetic prediction accuracy.
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Figure 3-13. Compatibility with pyrosequencing. Average methylation levels across three
age-related CpG sites from peripheral blood across three donors, along with a methylated
and bisulfite-converted positive control standard.

Interestingly, the presumably “damaged” samples showed increased variability in terms of DNA
recovery (Fig. 3-11), which indicated to us that the enzymatic method may not perform to its full
potential in differentially degraded samples, such as those that would be encountered in a
forensic setting. However, in considering all of the data, the demonstrated variation was increased
compared to samples prepared by the silica method, but by less than 1 C: unit overall.

To assess compatibility with downstream pyrosequencing, the most ubiquitously used
method for forensic age approximation, replicates extracted by the EA1 method and converted
downstream were examined via the ELOVL2 locus. The ELOVL2 region is the most rigorously
evaluated epigenetic marker as it relates to human age prediction, and has demonstrated
prediction with degraded bloodstains and a variety of other tissues.?! Herein, three CpG sites
along the locus are examined according to an assay designed by Piekarska et al.?! and validated

by Kampmann and others.?? Figure 3-13 shows the estimated methylation levels (percentages)

123



Sample Conditions CpG 1 (%) CpG2(%) CpG3 (%) Sample Conditions CpG 1 (%) CpG2 (%) CpG3 (%)
Extract 1 42 31 80 Extract 1 43 31 73
Donor Sample 1 | Extract 2 41 32 83 Donor Sample 3 | Extract 2 43 31 73
Extract 3 42 31 82 Extract 3 43 31 74
Averages 41.66667 31.33333 81.666667 Averages 43 31 73.333333
Std. Dev. 0.471405 0.471405 1.2472191 Std. Dev. 0 0 0.4714045
Extract 1 40 27 80 + 100 90 96
100% Methylated
Donor Sample 2 | Extract 2 40 28 78 + 100 90 98
Controls
Extract 3 41 27 80 + 100 90 98
Averages 40.33333 27.33333 79.333333 Averages 100 90 97.333333
Std. Dev. 0.471405 0.471405 0.942809 Std. Dev. 0 0 0.942809

Table 3-2. Percent methylation of each technical replicate. Individual methylation level
estimations from the PyroMark Q48 Software.

for each variable position from venous blood originating from a total of three donors, as well as
for a methylated and bisulfite converted positive control. While a comparison of donor age to
methylation status could not be made for privacy reasons, the data does suggest high DNA
recovery, as all replicates “passed” analysis using the instrument software. Furthermore, very low
standard deviations are calculated between replicates of each extract, suggesting uniformity of
workflow performance and indicating compatibility with pyrosequencing for age approximation.

Exact figures associated with each replicate are detailed in Table 3-2.

3.3.6. Reducing EA1 Reaction Intervals for Microfluidic Integration. Toward ultimate microfluidic
integration upstream of epigenetic conversion, further shortening of the already significantly
abbreviated incubations with the EA1 method was investigated. Reducing heated incubation
times prior to microfluidic incorporation is advantageous, as prolonged heating on-disc increases
the likelihood of device failure by multiple modes, including delamination, PSA failure, PTFE

membrane stress, and fluid loss through previously closed channels overcome with pressure from
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thermal pumping. This is especially the case for large volume reaction chambers that may put
more stress on the device as a whole. As an adage, further shortening incubation intervals
decreases total sample preparation time; as time is of the essence in forensic use cases, further
reducing total analytical time is always in favor.

Enzymatic conversion consists of two heated incubations, based upon the optimal
activation and thermal denaturation temperatures associated with the EA1 proteinase.?’
Coolbear et al. describe the enzyme activity of EA1 based upon temperature, reporting the
activation energy for EA1l to be approximately 70 KJ/mol at 75°C.3’ Likewise, Saul et al.
demonstrate rapid activity loss for EA1 subjected to incubation at 95°C, indicating the enzyme
may be denatured so as not to hinder amplification downstream.3® While publication- and
standard operating procedure-based protocols vary regarding incubation times, the most rapid
approach suggests incubations at 75°C and 95°C for 5 minutes each.3? Furthermore, in Chapter
4, we demonstrate that these incubation times can be further reduced for the lysis of SARS-CoV-
2 virions and that it is possible to remove the 75°C without significant repercussion to NA
recovery.3&27

Herein, comparative results for
blood samples extracted by EA1 under
various  incubation  conditions  are

demonstrated in terms of relative DNA

Table 3-3. EA1 extraction conditions. A total of
five conditions are tested, with condition 1 being
the most rapid recommendation protocol, and
condition 5 being the least conservative in terms
of enzyme efficiency and denaturation.

recovery and conversion efficiency.
Different incubation conditions are outlined

in Table 3-3 and range drastically from a
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total time of 10 min (600 s) with Condition 1 and only 15 s at 95°C with Condition 5. The
amplification results from liquid blood samples extracted by each condition are demonstrated in
Figure 3-14; C: value differences were demonstrated across conditions (One-way ANOVA, o =
0.05, p-value = 0.0006) and ranged from 29.65 to 34.15. Overall, this indicates encouraging results
that enzymatic extraction from blood is possible in only 15 s without a meaningful difference in
DNA recovery. For optimal performance, the lowest units were observed with conditions 1 and 2
which showed no significant differences overall (unpaired t-test, o = 0.05, p-value = 0.842),
however, a much more drastic variation between replicates was observed with condition 1
parameters. These data are more clearly illustrated in Figure 3-14A when compared with other
recovery plots, as the individual data points have been included. Perhaps the more interesting

data as it relates to the enzymatic chemistry and the reduction of incubation intervals is depicted
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Figure 3-14. Relative recovery and conversion efficiency following altered extraction
conditions with liquid blood samples. (A) C: and (B) Tm values originating from enzymatic
extraction protocols ranging from 10 min with condition 1 to only 15 s with condition 5.
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in Figure 3-14B. The melt temperatures of amplicons indicate that even with 15 s extractions by
the enzymatic method, bisulfite conversion efficiency is not altered in a statistically impactful way
(One-way ANOVA, a. = 0.05, p-value = 0.174). This may indicate that “pure” DNA is not necessarily
required for efficient conversion by bisulfite, at least so far as the sulphonation and deamination
step is concerned.

The results demonstrated with liquid blood samples are promising, but perhaps not
representative of the functionality of the method for its intended application, as liquid blood is
rarely tested in forensic laboratories. Thus, Figure 3-15 illustrates replicated experimental
conditions, but with blood deposited onto nylon-flocked swabs. Nylon-flocked swabs were
selected over cotton or rayon alternatives as they exhibit better sample release and less

entrapment, and because they are available in sizes more amenable to microfluidic
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Figure 3-15. Relative recovery and conversion efficiency following altered extraction
conditions with blood swabs. (A) C: and (B) Tm values from extracted blood swabs with
reduced incubation times.
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incorporation.3® Enzymatic extraction with swabs performed consistently across all sample
replicates and conditions (Fig. 3-15A) (One-way ANOVA, o = 0.05, p-value = 0.831), providing
additional evidence that incubation times may be shortened significantly. Likewise, conversion of
the FHL2 target remained consistent in terms of Tr, value across each extraction condition (Fig. 3-
15B) (One-way ANOVA, o = 0.05, p-value = 0.159), supporting the hypothesis that epigenetic

conversion is successful without silica-facilitated purification.

3.3.7. A Microfluidic Approach to Integrated Epigenetic Sample Preparation. With sufficient data
suggesting the compatibility of an enzyme-based DNA extraction method and downstream
bisulfite conversion, a microfluidic disc was designed to couple these processes in an automated

fashion. Herein, testing of the architecture as it relates to the extraction and lysate metering
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Figure 3-16. Proposed microfluidic architecture for epigenetic sample preparation.
AutoCAD rendering of one sample domain that includes architectural features for integrated
enzymatic extraction and dynamic solid phase bisulfite conversion
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portions of the workflow is completed, with an emphasis on colorimetric dye studies and

analytical performance, as before.

3.3.7.1. On-Disc Colorimetric Dye Studies. An integrated microfluidic workflow coupling
enzymatic NA extraction and epigenetic conversion by bisulfite is proposed in Figure 3-16. The
core architecture enabling conversion was adapted from previous work,*® with additional features
to permit direct-from-swab enzymatic lysis. To prevent issues associated with stochastic sampling
on-disc, extraction architecture was designed to house both the swab and a total volume of at 50
pL with the help of PMMA constructed chambers. Beyond the swab chamber, features that
enabled precise lysate metering and overflow chambers for off-disc comparative analysis were

incorporated.
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Figure 3-17. Proposed architecture for enzymatic extraction and lysate metering into

conversion. Schematic depicting the fluidic workflow from enzymatic lysis to conversion
introduction.
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The ‘on-disc’ chemical workflow is depicted in Figure 3-17, whereby the extraction
cocktail, also referred to as “lysate” post-heating, is represented by yellow dye and ammonium
bisulfite is represented by blue dye. Following heating of the extraction cocktail and valve
actuation to introduce the lysate into the metering chamber, 2 uL of lysate is introduced into the
conversion chamber for sulphonation and deamination, represented in green. The reliability of
the metering architecture to deliver precisely 2 uL of lysate is essential to ensure reproducible
DNA recovery and device performance. To quantitatively estimate that performance, dye studies
were completed along with corresponding image analysis to estimate the hue shifts as yellow
dye, or lysate, was introduced into blue dye, (i.e., ammonium bisulfite). To estimate the volume
of yellow dye metered into blue dye, a standard curve (Fig 3-18A) was constructed from hue
measurements taken from serially diluted dye standards ranging from 0% to 10% yellow dye. The

standard curve showed a strong linear correlation (R? = ~0.979 in the relevant analytical range.
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Figure 3-18. Colorimetric dye study to estimate lysate metering volume. (A) Calibration
curve of hue against percentage of yellow dye solution mixed with blue dye solution and used
to determine the volume of lysate metered into the conversion chamber. (B) Line graph
depicting the hue of yellow and blue control dye solutions and the mixed solutions resulting
from microfluidic introduction of the lysate (yellow) into the ammonium bisulfite solution
(blue).
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The normalized hue of the dye mixture post-metering was approximately 0.490 *+ 0.004,
compared to the normalized hue for blue alone, it was extrapolated that approximately 7.838%
of the mixture consisted of yellow dye, deviating only 0.142% from the expected percentage (Fig
3-18B). These data were further used to calculate the volume of yellow dye metered into the
corresponding chamber for conversion to be ~2.039 plL. Colorimetric results confirmed the

metering architecture was dispensing the desired volume of lysate for conversion.

3.3.7.2. On-Disc Analytical Performance. To evaluate microdevice performance in terms
of enzymatic DNA lysis, swabs containing donor blood were enclosed into requisite swab
chambers and heated with an external mechatronic system. In the trade-off between DNA
recovery and rapid extraction, condition 3 parameters were selected (recall Table 3-3), to provide
sufficient ramp time for the system and reaction fluid to reach target temperatures while

protecting the integrity of the disc, as delamination around chambers has been known to occur
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Figure 3-19. Microfluidic performance compared to in-tube extraction by EA1. (A) C; and (B)
Tm values from extracted blood swabs with the microfluidic system and in-tube, using
incubations of 75°C for 1 min and 95°C for 30 s.
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with PCL discs when held at high temperatures (i.e., 95°C)*°. Figure 3-19A depicts relative C;
values and a significant statistical difference (unpaired t-test, o = 0.05, p-value = <0.0001)
between samples extracted using the microfluidic method compared to the in-tube enzymatic
approach. In total, C; values increased an average of 3.340 + 0.568 units for eluates resulting from
the microfluidic mode, indicating that DNA recovery decreased slightly. The reduction in recovery
was attributed to a microfluidic failure mode whereby the pressure from thermal pumping when
heating to 95°C resulted in fluid loss through a downstream valve and into the lysate overflow
chamber. Still, this loss in recovery had no effect on the conversion efficiency of downstream
conversion, as evidenced by the Tm values detailed in Figure 3-19B, which show no statistical
differences between approaches (unpaired t-test, o = 0.05, p-value = <0.066). Additional
confirmation of only one FHL2 amplicon of similar length was confirmed with downstream
electrophoresis. Figure 3-20 shows the electrophoretic peaks associated with three products
resulting from the microfluidic workflow (Fig. 3-20A) and one positive control (Fig. 3-20B). Upper

and lower markers indicate successful separation and sizing, and the presence of only one high
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Figure 3-20. Electrophoretic separation of amplicons resulting from microfluidic extraction.
FHL2 amplicons ranging from 128 to 131 base pairs for (A) samples prepared on-disc and a
positive control. Only one representative replicate of three is shown for donor sample and
methylation control.
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amplicon peak above the analytical threshold. Average peak heights of extracted samples were
129 £ 0.943, close enough to the 133 bp amplicon length expected for FHL2, since instrument
sizing resolution for amplicons from 50 — 600 bp are expected to have a variance of + 10%.*
Results from pyrosequencing of three relevant CpGs in the ELOVL2 region following on-
disc extraction of blood demonstrate compatibility of the EA1 extraction method with this
technique (Fig. 3-21). However, results are variable between replicates with lower methylation
percentages reported for extract 1 compared to extracts 2 and 3. Overall, the Q48 software
flagged extracts originating from replicates 1 and 2 yellow, while peaks from replicate 3 were
flagged red and reported warnings including low peak height and uncertainty due to baseline drift.
Furthermore, there was some variation between the predicted methylation percentages at each
CpG across extracts, with extract 3 showing a significant standard deviation in CpG 2. Recall that
extract 3 was flagged red, making % methylation calls by the software “uncertain.” For

comparative purposes, it is important to look to the variation between replicates for standards
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Figure 3-21. Microfluidic compatibility with pyrosequencing. Average methylation levels
across three age-related CpG sites from peripheral blood from one donor (n = 3), along with a
methylation controls of fully non-methylated or methylated genomic DNA.
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prepared with 0% and 100% methylation statuses whereby system predications swing from a
difference of 1% to 12% depending upon the CpG site. Therefore, it may be appropriate to
develop some kind of correction factor. Nevertheless, the differences between extracts is
apparent and may be attributed to inhibition caused by leaching disc materials. The potential for

this phenomenon is discussed further in Chapter 5.

3.3.7.3. Toward A Fully-Integrated and Multiplexed Method. Ongoing work is focused on
validated the integrated workflow on-disc; that is, performing complete sample preparation from
swab-to-converted-eluate. To this end, a new disc design has been proposed, aimed at increasing
the ease with which the disc is fabricated, increasing the multiplex capacity, and enhancing the
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Figure 3-22. Multiplexed microfluidic architecture for epigenetic sample preparation. (A)
AutoCAD rendering of exploded disc layers, including the arrayed PMMA accessory chambers.
(B) Schematic delineating the enzymatic lysis and bisulfite conversion architectural details.
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Figure 3-23. Fluidic dye study for integrated disc. Digital scans following the progression of
one representative dye study, beginning with direct-from-swab enzymatic lysis and ending
with DNA elution of the converted extract.

stability of the disc for optimal performance. Figure 3-22 displays the multi-layered disc, featuring
PMMA chambers and scaffolding to be installed on both the top and bottom of the device. The
addition of PMMA to both sides of the device increases the z-height of each chamber significantly
to enable the narrowing of each fluidic ‘domain’ to allow for the incorporation of an addition
reaction unit. With this change, a total of five domains are incorporated to allow for three sample
replicates and a positive and negative control per reaction disc. The PMMA chambers have been
added to a series of concentric rings to act as scaffolding, permitting disc stability with heated
incubations and ease of fabrication; rather than placing individual chambers to the disc all
architecture may be aligned in one step (Fig. 3-22A). The scaffolding details are designed
strategically to avoid overlap with loading vents and valves, hydrophobic membrane patches, and
valves, as shown in Figure 3-22B. To ensure functionality in terms of fluid flow, valve performance,
magnetic mixing, etc., a dye study was completed. The full fluidic workflow can be traced in Figure

3-23. Notably, the disc demonstrated consistent performance across domains with visual
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confirmation of fluid flow, metering from the enzymatic lysis swab chamber, magnetic bead

actuation and retention, and waste disposal.

3.4. Conclusions

Conventional epigenetic sample preparation consists of two laborious analytical workflows,
DNA extraction and epigenetic conversion by bisulfite, known to result in significant DNA loss. For
an application in forensic genetics, whereby starting material is known to be fragmented and in
low abundance generally, the additional loss can be extremely detrimental to the predictive
outcome. Previously, | demonstrated the success of a rotationally-driven microfluidic disc aimed
to reduce the burden associated with bisulfite conversion and work toward increasing DNA
recovery via microfluidic intervention.® In this chapter, the focus was placed on DNA extraction;
more specifically, the conventional “gold-standard” method for DNA extraction and subsequent
purification was supplanted by an enzymatic approach with the neutral protease EA1l. To the
author’s knowledge, this was the first account of the coupling of enzymatic extraction by EA1 and
conversion by bisulfite. Experiments demonstrated that, in comparison to the EA1 approach,
approximately 26% of DNA was lost to extraction by the conventional method, whether the
standards in question are heavily methylated or not. Testing also confirmed that extraction by
EA1 is compatible with downstream conversion and detection by RT-PCR, HRM, and
pyrosequencing of forensically-relevant targets across standards, cloned cells, and peripheral
blood samples. Likewise, that the ‘non-purified’ elates did not result in any changes to conversion
efficiency when compared to those prepared by the gold-standard method. Success by RT-PCR

and HRM was also demonstrated with reduced incubation times, indicating extraction and
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successful conversion is still possible following only 15 s of incubation with EA1. Finally, a
microfluidic architecture is described to couple direct-from-swab lysis with downstream
conversion. The extraction process is tested via colorimetric dye studies indicating proper fluid
flow and precise metering across replicates. Likewise, samples are extracted from swabs in only
90 s with minimal differences in recovery and electrophoretic evidence of target specificity.
Pyrosequencing results were variable across replicates and require further optimization. Toward
validation of the fully-integrated disc, a 5-plex disc was designed for ease of fabrication and

increase fluid capacity that has already demonstrated success in terms of fluid flow.
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Chapter 4. A Microfluidic Approach to Viral Sample Preparation by Nanoparticle Enrichment

and Enzymatic Nucleic Acid Extraction
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4.1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 2) was determined to be
the causative agent of the COVID-19 pandemic in December of 2019.! Since then, the most
ubiquitous laboratory method for diagnostic testing and surveillance monitoring has been real-

time reverse transcriptase polymerase chain reaction (real-time RT-PCR) amplification of viral
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RNA.2 RT-PCR is recognized as a robust technique with high analytical sensitivity and target
specificity; however, detection depends directly on successful upstream RNA isolation from crude
samples. In the case of viral pathogens, this involves lysis of virion envelopes followed by
purification of the liberated RNA. “Gold-standard” RNA isolation methods require sample
incubation with lytic enzymes, followed by RNA purification via flow through a packed column or
silica beads suspended in the lysate.3 While these methods are ostensibly successful, practical
challenges remain, including high cost and supply chain limits. Specifically, reliance on a narrow
panel of viral nucleic acid (NA) preparation techniques during an epidemiological outbreak is
problematic, as the availability of conventional kits may become limited.* Furthermore, their
time-consuming, labor-intensive workflows require multiple open-tube washing and transfer
steps, making many kits susceptible to sample contamination, analyst exposure, and nucleic acid
(NA) loss.> Thus, complete reliance on gold standard RNA extraction methods may ultimately be
detrimental to the effectiveness of surveillance and transmission control due to stalled
containment and/or treatment efforts.®

Beyond the aforementioned limitations, conventional methods for RNA isolation do not
involve a mechanism for upstream virion enrichment, leveraging either centrifugation, nuclease
treatment, or affinity capture particles to improve detection sensitivity.”® Enrichment is
particularly advantageous for low titer samples in which preconcentration of the target analyte
could mean the difference between detection and a negative result.® Furthermore, many
enrichment methods facilitate the removal of sample matrices, often containing products that
may influence sample extraction and hinder detection.1®!! In essence, inclusion of a method for

virion enrichment and matrix removal may increase the effectiveness of RNA extraction and
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improve the assay sensitivity. Recently, successful virion enrichment from multiple matrices has
been demonstrated using affinity-capture hydrogel Nanotrap particles.® Composed of cross-
linked polymer networks, these nanoparticles (NPs) are decorated with chemical affinity baits
that promote virion capture via interactions with viral surface spike proteins.!> Nanotrap
enrichment, in conjunction with one-step enzymatic extraction, has proved successful in
detecting SARS-CoV-2 from clinical nasopharyngeal swabs, surveillance sample mimics, and
contrived saliva samples.!3

To address the shortcomings of conventional RNA isolation, a multiplexed microfluidic
centrifugal device (LCD) for expedited, automated virion enrichment and enzymatic extraction
of SARS-CoV-2 RNA from clinical samples is proposed.!* Specifically, on-disc NP-based enrichment
is coupled with a rapid, single-step method for virion lysis of PCR-ready RNA.'>® Each uCD
contains six domains for parallel processing in an enclosed format that mitigates the risk of
contamination and analyst exposure to SARS-CoV-2. Reliance on rotationally driven flow
eliminates the need for bulky external hardware (e.g., syringe pumps), enabling the creation of
smaller, field-forward instrumentation.?”' Notably, the NPs are functionalized with iron oxide,
allowing for efficient mixing in the system via application of an external, bidirectional rotating
magnetic field (bRMF) that facilitates NP “sweeping”.!® Furthermore, active, laser-actuated
valving permits both valve opening and channel closures to enable reliable implementation of
numerous sequential unit operations.?’ This work demonstrates the compatibility of an
optimized method for rapid SARS-CoV-2 sample preparation with full process controls and clinical

samples in multiple, clinically relevant matrices.
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Additional preliminary research was completed to further position this work for sample-
to-answer integration at the point-of-need in one, integrated microfluidic system. While the
development of a microfluidic scheme for RT-PCR that integrates with the sample preparation
method detailed here is outside of the scope of this dissertation, studies were completed to
enable a sample-to-answer workflow that does not require cold-chain storage. That is,
amplification reagents were modified and tested so that they might be stored at room
temperature, similar to the reagents necessary for enrichment and NA extraction. Likewise, an
alternative method for rapid, integrated Nanotrap particle enrichment and enzymatic lysis was
tested for its potential for population surveillance by sample pooling. Pooling of samples up to
1:20 were completed here, with collaborative efforts using the same method to show sensitivity

with pools of up to 1:100.%%

4.2. Materials and Methods

4.2.1. Clinical Sample Preparation and Analysis. Nasopharyngeal clinical specimens were
collected, prepared, and tested by real-time RT-PCR at the University of Virginia Health System
for subject diagnosis and stored at —20 °C in a viral transport medium (VTM). Prior to receipt,
samples were deidentified according to the IRB-approved protocol. Standard of care testing was
performed with methods granted emergency use authorization (EUA) from the FDA according to
manufacturer’s instructions, these included the Abbott-Alinity-m SARS-CoV-2 assay, the Abbott
M2000 Real-Time SARS-CoV-2 assay, and the Xpert Xpress SARS-CoV-2 assay. Prior to analysis,

each sample was vortexed for 10 s, and 600 pL of liquid was transferred to a 2 mL screw-cap
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microcentrifuge tube. VTM samples were inactivated by heating for 30 min at 65 °C, transferred

to a sealed bag, and stored at -80 °C until further analysis.

4.2.2. Sample Materials. Any sample assigned a cycle threshold (C:) value by the clinical
laboratory was considered positive for SARS-CoV-2; C; values were used to determine relative
viral titers. A SARS-CoV-2 reference material (100 000 copies/mL, AccuPlex SARS-CoV-2
Reference Material, SeraCare, Milford, MA) was diluted from 100 copies/uL to 50 and 25
copies/puL in either PCR-grade water (Molecular Biologicals International, Inc.), clinically negative

SARS-CoV-2 samples in VTM, or human saliva to serve as on-disc full-process analytical controls.

4.2.3. In-Tube Nanotrap Enrichment and RNA Extraction. In-tube studies were completed with
100 pL of inactivated clinical samples at high, moderate, and low viral titers. Nanotrap Magnetic
Virus Particles (CERES Nanosciences, Inc., Manassas, VA) were spiked into full-process controls
and SARS-CoV-2 clinical samples at 5, 10, 20, 30, or 50% of the total sample volume and incubated
at room temperature for 0.5, 1, 5, 10, or 20 min. NPs were magnetically pelleted, the supernatant
was removed, and NPs were resuspended in an enzymatic RNA extraction cocktail (rnaGEM,
MicroGEM International, PCL, Charlottesville, VA) consisting of 88 uL of water, 10 uL of BLUE
buffer, and 2 uL of rnaGEM enzyme solution prior to incubation for 5 min at 95 °C. Samples were
also prepared with the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s
instructions. In-tube matrix effects were tested with clinical samples neat and diluted with fresh

saliva to 1:1, 1:4, and 1:8. For comparison of eluates from the in-tube and on-disc methods,
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elution volumes were decreased from 100 to 50 uL (44 pL of water, 5 uL of BLUE buffer, and 1 pL

of rnaGEM enzyme solution); the NP input volume was adjusted to maintain a 20% concentration.

4.2.4. Comparison of Commercial, Enriched, and rnaGEM Approaches. Patient samples were
previously analyzed by real-time RT-PCR in the clinical laboratory at the University of Virginia
Health System for diagnostic purposes. Here, any sample received with a clinically assigned C:
value was considered clinically-positive. Clinical C; values were also used to infer comparative
viral titers. In ‘commercial’ extractions, RNA was isolated from 250 mL of inactivated patient
sample using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) with a DNase | treatment (New
England Biolabs, Ipswich, MA, USA) according to manufacturer's instructions. Enriched rnaGEM
extractions include a pre-concentration step in which 25 mL Nanotrap Magnetic Virus Particles
(CERES Nanosciences, Inc. Manassas, VA, USA) were mixed with 250 mL of heat-inactivated
patient sample. Following a brief incubation, the particles were magnetically separated and the
supernatant was removed. Nanotrap particles were resuspended in a rnaGEM cocktail comprised
of 44 pL water, 5 pL BLUE buffer, and 1 pL rnaGEM enzyme solution. Following incubation for 10
min at 75 °C and 5 min at 95 °C in a thermal cycler, the particles were again separated
magnetically and the supernatant RNA solution was collected and-retainred-RNA-extracts-were

stored at -80 °C until analysis.

4.2.5. Device Design and Fabrication. Microdevice architecture was designed using AutoCAD
software (Autodesk, Inc., Mill Valley, CA) and laser-ablated into thermoplastic substrates using a

CO; laser (VLS 3.50, Universal Laser Systems, Scottsdale, AZ). The primary device consists of five

149



poly(ethylene terephthalate) (PeT) layers (Film Source, Inc., Maryland Heights, MO). Capping
layers 1 and 5 are composed of PeT, whereas primary fluidic layers 2 and 4 are composed of heat
sensitive adhesive (EL-7970-39, Adhesives Research, Inc., Glen Rock, PA)-coated PeT. Layer 3,
composed of black PeT (bPeT) (Lumirror X30, Toray Industries, Inc., Chuo-ku, Tokyo, Japan), acts
as an intervening layer between the two primary fluidic layers to permit laser valving.?° Layers
were aligned and heat-bonded using a laminator (UltraLam 250B, Akiles Products, Inc., Mira
Loma, CA) according to the “print, cut, laminate” method, described elsewhere.?? The poly-
(methyl methacrylate) (PMMA) accessory layer (1.5 mm thickness, McMaster Carr, ElImurst, IL)
was affixed to layer 1 by a pressure-sensitive adhesive (PSA) transfer tape (MSX- 7388, 3M, Saint
Paul, MN), capped with PeT, and used to increase the chamber depth and fluid capacity.’® Fluidic
channels connecting microdevice chambers had a depth of approximately 100 um and

approximate widths between 400 and 500 pum.

4.2.6. Spin System Construction and Operation. Valve opening,?? channel closures,?° rotationally
driving flow, and magnetic mixing!® were enabled by in-house mechatronic systems regulated by
8-core microcontrollers (Propeller P8X32A-M44; Propeller, Inc., Rockland, CA) and custom
programs written in Spin, Propeller’s coding language, run from a laptop computer. On-disc

heating was facilitated by a clamped, dual-Peltier system.

4.2.6.1. Power, Time, and Z-Height Adjustable Laser (PrTZAL) System. Laser valving
events and rotationally driven flow were accomplished with the PrTZAL system, described

elsewhere.?° Active valving via a 638 nm laser diode occurred when the disc was stationary and
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situated under the laser at the corresponding radial distance from the center of rotation (r),
measured in mm. To open the valves, the laser was positioned 15 mm above the disc, and
irradiation occurred at 500 mW for 500 ms.2° Channels were occluded by situating the disc 27
mm below the laser and with a power output of 700 mW for 2500 ms. A DC brushless motor was

used to drive device rotation, enabling fluidic control.

4.2.6.2. Dynamic Solid-Phase Extraction (dSPE) Platform. The dSPE platform?® was used
to impart external magnetic control of the paramagnetic affinity-capture hydrogel NPs for
efficient mixing with both the SARS-CoV-2 samples and the enzymatic extraction reagents. The
platform houses a PMMA disc (diameter = 150 mm, thickness = 1.50 mm) placed 7.50 mm above
the sample disc platform and featuring two Neodymium magnets to generate the bRMF?® that

facilitates back-and-forth NP sweeping within a chamber with reversal of rotational direction.

4.2.7. On-Disc Enrichment and Enzymatic Extraction Protocol. Liquid sample (50 uL), enzymatic
extraction cocktail (50 pL), and NPs (10 pL) were introduced to corresponding chambers via
pipette loading. After actuation of valve 1, disc rotation drove the fluid from the sample input
chamber to the central magnetic manipulation chamber (1500 g, 30 s). Here, SARS-CoV-2 virions
were adsorbed to NPs during bRMF application for a total of 300 s, switching direction every 20
s. NPs were centrifugally pelleted (2000 g, 60 s) before valve 2 (r = 45.4 mm) was opened and
supernatant was pumped (1500 g, 30 s) into the waste chamber. The channel upstream of the
waste chamber was laser-sealed to prevent further fluid flow. Valve 3 was then opened to permit

the lysis cocktail to flow (1500 g, 30 s) into the magnetic manipulation chamber for another
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mixing step. The central chamber was then heated to 95 °C for 1 min prior to NP pelleting (2000
g, 60 s). Sample elution to the viral RNA elution chamber occurred after the opening of valve 4
and disc rotation (1500 g, 30 s). The RNA eluate was then retrieved by pipette after puncturing

the capping layer PeT.

4.2.8. Performance and Analysis of Dye Visualization Studies. Blue and yellow aqueous dye
solutions were used to visually represent the sample and extraction cocktail, respectively. Device
images were captured using an Epson Perfection V100 Photo desktop scanner (Seiko Epson
Corporation, Suwa, Nagano Prefecture, Japan). Raw images were converted to HSB stacks using
the Fiji Image) freeware and analyzed using the “crop-and-go” technique.?* Briefly, the hue of a
rectangular region of interest (ROI) within each chamber (n = 6) and parallel measurements were
compared to control dye solutions of known constituency on-disc. Control solutions were

comprised of serially diluted blue dye in yellow dye from 100% to 0% (each n = 3).

4.2.9. Real-Time Polymerase Chain Reaction. Detection of SARS-CoV-2 was accomplished using
the Centers for Disease Control and Prevention (CDC) assay.?> Per manufacturer’s instructions,
each 20 pL reaction was composed of 5 pL of TagPath 1-Step RT-qPCR Master Mix, CG (Thermo
Fisher Scientific, Waltham, MA), 1.5 uL of SARS-CoV-2 (2019- nCoV) CDC RUO N1 primer-probe
mix (Integrated DNA Technologies, Coralville, 1A), 8.5 uL of PCR-grade water (Molecular
Biologicals International, Inc.), and 5 puL of eluate. For positive controls, the 2019-nCoV_N_
Positive Control plasmid (100 000 copies/uL, Integrated DNA Technologies) was diluted to 1000

copies/uL in PCR-grade water (Molecular Biologicals International, Inc.). All samples were run in
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triplicate on a QuantStudio 5 Real-Time PCR System with detection in the FAM channel (Thermo
Fisher Scientific). Thermal conditions included reverse transcription (50 °C, 900 s), denaturation
(95 °C, 180 s), 40 cycles of denaturation (95°C, 3 s), and annealing (60 °C, 30 s), with a final hold
step at 25 °C. The 60 °C annealing temperature was determined optimal over the manufacturer’s
recommended temperature of 55 °C previously.’> Amplification was considered successful if the
signal amplitude crossed the instrument-defined threshold, providing a C: value, before the 40

cycle cutoff.

4.2.10. On-Disc Reagent Storage via Vacufuge. A 5305 Vacufuge Plus Concentrator (Eppendorf,
Hamburg, Germany) was used to dry down 15 plL aliquots of reaction mixes for a total of 60 min
in all circumstances described. The reagent ‘pellet’ was then rehydrated with 20 plL of extracted
eluate or diluted CDC plasmid (100 000 copies/uL, Integrated DNA Technologies). Prior to being
introduced into the amplification reaction, SeraCare samples were extracted by the enzymatic
method, described previously (rnaGEM, MicroGEM International, PCL, Charlottesville, VA).
Extraction proceeded according to manufacturer recommendations, with reactions consisting of
88 uL of water, 10 pL of BLUE buffer, and 2 pL of rnaGEM enzyme solution prior to incubation for
10 min at 75 °C and 5 min at 95 °C. For amplification, two chemistries from Meridian Bioscience
(London, UK) were used for detection of SARS-CoV-2 RNA with a view toward long-term reagent
storage. The SensiFAST™ Probe Lo-ROX One-Step Kit (Meridian Bioscience) was used to construct
15 plL reactions composed of 10 pL SensiFast™ Probe Lo-ROX One-Step Mix (2x) (Meridian
Bioscience), 1.6 pL Forward Primer (10 uM) and 1.6 uL Reverse Primer (10 uM) (Integrated DNA

Technologies, Coralville, IA), 0.2 uL Probe (10 uM) (Integrated DNA Technologies), 0.2 uL Reverse
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Transcriptase (Meridian Bioscience), 0.4 pL of RiboSafe RNase Inhibitor (Meridian Bioscience),
and 1 pL of PCR-grade water (Molecular Biologicals International, Inc.). Likewise, the Lyo-Ready™
1-Step RT-qPCR Mix (Meridian Bioscience) was used to construct 20 L reactions composed of 10
uL Lyo-Ready™ 1-Step RT-qPCR Mix (2x) (Meridian Bioscience), 1.6 pL Forward Primer (10 pM)
and 1.6 uL Reverse Primer (10 uM) (Integrated DNA Technologies, Coralville, IA), 0.2 pL Probe (10
M) (Integrated DNA Technologies), 0.2 pL Lyo-Compatible MMLV-RT (Meridian Bioscience), and
1.4 uL of PCR-grade water (Molecular Biologicals International, Inc.). In each case, the N gene was
targeted and a corresponding probe was designed (sequences not disclosed). All samples were
run in triplicate on a 7500 Fast Real-Time PCR System (Thermo Fisher with detection in the FAM
channel (Thermo Fisher Scientific). Thermal conditions included reverse transcription (45 °C, 300
s), denaturation (95 °C, 60 s), 40 cycles of denaturation (95°C, 3 s), and annealing (65 °C, 30 s),
with a final hold step at 25 °C. Amplification was considered successful if the signal amplitude
crossed the instrument-defined threshold, providing a C: value, before the 40 cycle cutoff. For
dehydration studies involving cyclic olefin copolymer (COC), 2 mm punches are retrieved from
two separate COC substrates (manufacturers not disclosed) and placed into 0.2 mL tubes along
with amplification reagents, vacufuged for 60 min, and subsequently rehydrated with CDC

plasmid diluted to 100 copies/uL, as before.

4.2.11. Pooling Study. Nasopharyngeal clinical specimens suspended in VTM were pooled so
positive and negative samples were mixed in ratios neat and in dilutions of 1:5, 1:10, or 1:20
(positive: negative). Three positive clinical samples of comparatively, high, moderate, and low

concentrations were used. Pooled samples were enriched and extracted using a method
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previously described,'®* wherein a PDQeX instrument (MicroGEM International, PCL,
Charlottesville, VA) is used to sequester the virus and retain the 50 pL of Nanotrap Magnetic Virus
Particles (CERES Nanosciences, Inc., Manassas, VA) used for enrichment. For amplification, the
SensiFAST™ Probe Lo-ROX One-Step Kit (Meridian Bioscience) was used to construct 20 pL
reactions composed of 10 pL SensiFast™ Probe Lo-ROX One-Step Mix (2x) (Meridian Bioscience),
1.6 uL Forward Primer (10 uM) and 1.6 uL Reverse Primer (10 uM) (Integrated DNA Technologies,
Coralville, IA), 0.2 uL Probe (10 uM) (Integrated DNA Technologies), 0.2 puL Reverse Transcriptase
(Meridian Bioscience), 0.4 uL of RiboSafe RNase Inhibitor (Meridian Bioscience), 1 uL of PCR-
grade water (Molecular Biologicals International, Inc.), and 5 pL of extract. All samples were run
in triplicate on a 7500 Fast Real-Time PCR System (Thermo Fisher with detection in the FAM
channel (Thermo Fisher Scientific). Thermal conditions included reverse transcription (45 °C, 300
s), denaturation (95 °C, 60 s), 40 cycles of denaturation (95°C, 3 s), and annealing (65 °C, 30 s),
with a final hold step at 25 °C. Amplification was considered successful if the signal amplitude

crossed the instrument-defined threshold, providing a C: value, before the 40 cycle cutoff.

4.3. Experimental

The development of a method for virion enrichment and enzymatic RNA extraction from
SARS-CoV-2 samples is described. Here, sample preparation required in-tube chemistry
optimization to maximize the enrichment efficacy, assessed through a comparison with a
commercial method. Furthermore, the effects of different sample matrices on preparation were
evaluated. Successful pCD integration necessitated precise fluidic control to permit

implementation of discrete unit operations. To demonstrate analytical performance, C: values
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obtained via real-time RT-PCR amplification of extracted viral RNA were compared; because C:
values are indicative of relative starting concentrations, optimal conditions for sample
preparation would produce more rapid amplification (i.e., lower C: values). | show that virions
can be effectively enriched from multiple matrices and lysed to release amplification-ready viral
RNA by this method. Additional research aimed toward the integration of this technology with
PON testing is also described, including studies involving the drying down of RT-PCR reagents by

vacufugation and pooling studies for up to 20 patients.

4.3.1. A Sample Preparation Workflow for Viral Enrichment and Enzymatic Nucleic Acid
Extraction from SARS-CoV-2 Virions. The sample preparation workflow (Figure 4-1) was
optimized from a protocol described in Dignan and Turiello et al.}* which combined a
nanoparticle-based enrichment, coupled

with a rapid, one-step enzymatic extraction

method to provide SARS-CoV-2 RNA from

Key

ﬁ% SARS-CoV-2 Virion . . clinically-relevant matrices in under 10
Viral Transport Media

Nanoparticle minutes. In the workflow described here,
Extraction Reagents

"oy ., Viral RNA

magnetically actuated NPs were used for

Figure 4-1. In-tube proposed sample
preparation workflow. Enrichment from the
sample leverages affinity NPs for virion
adsorption. Following magnetic actuation and
removal of the supernatant, RNA extraction is
achieved in a PCR compatible buffer. The
reaction mixture is heated to 95 °C before a
second magnetic step and the pipette removal
of the viral RNA eluate. Adapted from Turiello
et al. 2022, Lab Chip.*3

virion capture and isolation from clinical
matrices.?® Lysis of the viral envelope and
liberation of RNA was accomplished with
rnaGEM chemistry; a proprietary chemistry

that includes a buffer system and neutral
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protease that targets cell surface proteins.!® This single-step, enzyme-based extraction method
does not require time- and labor-intensive column-purification and circumvents centrifugation
by leveraging temperature control. Optimal release of nucleic acids from intact cells and/or
virions is achieved at a temperature of 75 °C,'® with termination of the reaction at 95 °C to
diminish activity and prevent detection inhibition downstream.?’” The process time can be
reduced by controlling the rate of heating, so long as target temperatures are achieved.
Furthermore, data suggests that a protocol in which the 75 °C step is eliminated entirely is
plausible, so long as the sample ramps past its optimal temperature for efficiency on the way to
the 95 °C heat-kill step.!3

Preliminary characterization of this workflow was completed with clinical samples of a
known positive status using three different sample preparation parameters, including the gold-

standard ‘commercial’ extraction method, the enzymatic ‘Enriched rnaGEM’ approach, and an
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Neat 5X 10X 20X Neat 5X 10X 20X Neat 5X 10% 20X

Dilution Factor Dilution Factor Dilution Factor

Decreasing Clinical C,

B Commercial . Enriched rnaGEM . rnaGEM-only

Figure 4-2. Comparison of enzymatic extraction methods with a commercial kit. SARS-CoV-2
RNA was extracted from known positive clinical samples in parallel using two methods — a
commercial solid phase spin-basket kit, and enzymatic extractions with viral preconcentration.
Three samples with comparatively (A) high, (B) moderate, and (C) low Ct values were selected
for comparison. Extracts were analyzed neat and serially diluted at factors of 5X, 10X, and 20X,
each in duplicate. Ct values obtained from the enriched enzymatic extracts were only slightly
higher than extracts obtained using the commercial kit.
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approach using ‘rnaGEM only’.?® Figure 4-2 shows the C; values associated with three of these
clinical samples, of high, moderate, and low relative concentrations. Broadly, SARS-CoV-2 RNA
was detected in all extracts with exceptional concordance of C: values. Given that clinical
laboratories only report a binary response to practitioners to provide patient diagnoses, the
minor (1-2 cycle) differences between the methods overall has negligible practical import. To
provide a more complete picture of comparative performance, neat samples were diluted by
factors of 5X, 10X, and 20X before being prepared by each sample preparation method (Figure
2). Again, the C; values from parallel extracts were largely concordant between methods. At each
dilution of the moderate titer extract, the C; values were within approximately one unit of each
other across methods and viral RNA was detected in all dilutions, down to 20X (Fig. 4-2B). Similar
trends were observed in analysis of the low viral titer sample with a single discrepancy, wherein
the 20X dilution of the enriched rnaGEM extract exhibited no amplification but the parallel
extract prepared by the commercial method did (Fig. 4-2A). Still, it was hypothesized that the
concentrations in this regime were largely stochastic and the distribution of RNA in these
dilutions were inhomogeneous and failed to adhere to a normal distribution.

Interestingly, the most pronounced differences across methods is observed in the sample
representing the highest relative titer (Fig. 4-2C). Although RNA obtained via enriched rnaGEM
extraction was readily detected with C: values of 20 £ 2 units in all dilutions, the values of
commercial extracts were ~3 cycles lower. A similar phenomenon was observed by Barclay et al.,
who suspected viral saturation of the nanoparticles at very high titers®; virions were likely
sterically prevented from binding with the particles and were lost in the discarded supernatant

prior to extraction. Still, Barclay et al. suggests that nanoparticle saturation does not affect the
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utility of enrichment-aided extractions since it does not prevent qualitative SARS-CoV-2
identification.? | believe this to be especially true as it pertains to high titer samples such as the
one in question, since regardless of extraction method, amplification occurred well below the
cut-off cycle and SARS-CoV-2 was readily detected. It can be added that the use of nanoparticle
enrichment removes free RNA not contained in a viral envelope, known to persist in sample
matrices well beyond patient infectivity.?® Column based methods are unable to differentiate
RNA from infectious virus and naked RNA, thus confounding PCR-based diagnostics and efforts
by public health officials to determine key metrics, such as required quarantine duration.?® Since
our method uses nanoparticle-based viral enrichment upstream of virion lysis, free, non-
infectious RNA is not retained, potentially providing more accurate, useful information regarding

patient infectivity.

4.3.2. Nanotrap Particle Enrichment Optimization. For virion enrichment, parameters including
NP input volume and incubation time were optimized with consideration given to resultant C;
values, reagent conservation, and total analysis time. Figure 4-3 shows the C: values derived from
parallel aliquots of three positive clinical samples at high, moderate, and low concentrations,
analyzed with NP percentages between 5 and 50%. Optimal NP input volume was determined to
be 20% of the total sample volume, as 5% and 10% enrichment parameters were found to
produce higher relative C; values, indicating lower post extraction RNA concentrations, whereas
input volumes higher than 20% did not exhibit appreciably different C: values across sample

concentrations.
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Figure 4-3. Determination of the optimal nanoparticle incubation time for enrichment in-
tube. Three positive patient samples in VTM at different sample concentrations were
incubated with nanoparticles for 0.5, 1, 5, 10, and 20 minutes before the nanoparticles were
actuated on a magnetic stand and the supernatant was removed. Eluates were amplified in
triplicate and C: values indicated that 5-minute incubation periods are optimal for capture of
SARS-CoV-2. Adapted from Turiello et al. 2022, Lab Chip.*3

Moving forward, the 20% NP concentration was used to determine the optimal NP
incubation time from 30 s to 20 min using clinical samples with variable relative titers, as before.
Provided the relative distribution of C: values, shown in Figure 4-4, the ideal incubation time was
determined to be 5 min, with all other incubation intervals producing either significantly higher
or comparable C: values; for instance, low-concentration samples incubated for 10 and 20 min
show the same mean C: units. Enrichment conditions both in-tube and with the uCD were
dictated by these results in the proceeding studies.

The recovery of the enriched in-tube method was determined using two positive controls
for relative comparison, including the nCoV-N1 complementary DNA (cDNA) Plasmid and
armored SARS-CoV-2 RNA from SeraCare. The principle being that a cDNA plasmid represents
maximum recovery at a given concentration, as it comes pre-purified, reverse transcribed into

cDNA, and ready for RT-PCR. Here, the plasmid control is used as a baseline for the best case
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Figure 4-4. Determination of the optimal nanoparticle concentration for enrichment in-tube.
Three positive patient samples in VTM at different sample concentrations were selected for
this study and incubated with nanoparticles at 5, 10, 20, 30 and 50% the total volume of
sample, 100 pL. Eluates were amplified in triplicate. Results suggest that across sample
concentrations, an input volume of 20% nanoparticles is sufficient for SARS-CoV-2 capture.
Adapted from Turiello et al. 2022, Lab Chip.:
scenario in terms of DNA recovery. As a comparison, the armored SeraCare control is designed to
mimic the SARS-CoV-2 virion and is adorned with exterior Spike (S) proteins that enrichment NPs
have an electrostatic affinity for; this way, the SeraCare samples may act as full process positive
controls. Given that both controls are assigned a concentration provided by the manufacturer,
the resultant C: values may be compared to estimate the recovery of the proposed sample
preparation workflow. Experimentally, the nCoV-N1 Control Plasmid cDNA was serially diluted
from 100 copies/pL — 1 copy/uL and amplified using the aforementioned CDC chemistry and the
N1 target for COVID-19. Figure 4-5A shows a standard curve constructed from the associated C;
values with excellent linearity, as evidenced by a correlation coefficient (R? value) of 0.9798. In

parallel, SeraCare Positive Reference Material was serially diluted in water to 80, 60, 40, 20, 10,

and 5 copies/pL and extracted via the in-tube method with and without the enrichment step. The
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Figure 4-5. Extraction efficiency with and without NP enrichment using the in-tube method.
(A) A standard curve was constructed with CDC plasmid SAS-CoV-2 cDNA standards,
demonstrating suitable linearity (R? of 0.9798). (B) Relative RNA recovery estimated based
upon cDNA standards and isolated SARS-CoV-2 positive reference material using the in-tube
method with and without the enrichment step with NPs. Results indicate enhanced DNA
recovery with enrichment overall.

linear regression trendline (Fig. 4-5A) was used to mathematically derive the relative
concentrations of samples produced under each condition, that is, with or without enrichment
by the NPs. The final RNA concentration recovered by each method was calculated by dividing
the derived RNA concentration in each extract by the amount of input RNA and multiplying by
100. Figure 5B demonstrates the variability associated with the experimental results across viral
concentrations. Broadly, enriched extracts exhibited recovery rates between 76 — 100% with a
mean rate of ~¥92%, whereas parallel samples prepared without enrichment exhibited much lower
recovery rates, between 18 — 81% with a mean recovery rate of ~46%. It can be concluded from
these results that NP enrichment does enhance recovery overall, but not uniformly across
concentrations. This may also be further complicated by the synthesis of full process controls,
which may result in mock virions which are ‘empty’ or free of RNA template; this phenomenon
was confirmed as one that may occur during the construction of SeraCare reference material,

leading to incongruence between the reported concentrations and those estimated via RT-PCR.
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Nevertheless, the results demonstrate enhanced detection performance with the inclusion of

enrichment by NPs.

4.3.3. Performance of Optimized Enrichment Method Coupled with Rapid Enzymatic Extraction.
To compare enriched rnaGEM eluates with a commercial technique, samples were prepared in-
tube using the proposed method and a Qiagen solid-phase method for RNA extraction. RNA
isolated from samples with relatively low, moderate, and high viral titers using both methods in
parallel was amplified (Fig. 4-6A), and resultant C: values were compared (Fig. 4-6B). A two-way
analysis of variance (ANOVA) with replication indicates the null hypothesis (equivalence of
means) could not be rejected (a = 0.05, p-value = 0.116); stated another way, the C: values
produced by amplification of RNA prepared using both methods were statistically similar at each
viral titer. That is, after preparation by a column-based, labor-intensive approach and the
simplified method described, eluates produce the same amplification results.

To demonstrate applicability of this method to various types of clinical samples, the

presence of a biological matrix, namely, saliva, was tested. Using the in-tube method, parallel
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Figure 4-6. Comparison of gold-standard and optimized enrichment and enzyme-based
extraction methods. (A, B) Clinical samples were extracted by the solid-phase or proposed
method in-tube. No statistical differences were observed between Ct values resulting from
amplification of eluates produced by either method. Adapted from Turiello et al. 2022, Lab
Chip.*

163



40
35 . Water
30 . Saliva
o =
S
I 20
15
10
1 i i =
Neat 1:1 1:4 1:8 Neat 1:1 1:4 1:8 Neat 1:1 1:4 1:8 + -

High Moderate Low Ctrls
SARS-CoV-2 Positive Nasopharyngeal Samples (VTM:Matrix)

Figure 4-7. Sample preparation method matrix performance. Clinical samples were prepared
neat and serially diluted in water (blue) and saliva (burgundy) in parallel. Resultant C: values
demonstrate average differences below two C: units. Adapted from Turiello et al. 2022, Lab
Chip.*

aliquots from clinical samples were tested neat and diluted in either water or saliva, at various
titers (Fig. 4-7). It was hypothesized that because NP enrichment permits matrix removal prior to
RNA extraction, any adverse effects of the matrix on downstream amplification, and ultimately
detection sensitivity, would be mitigated. Although resultant C; values appeared comparable at
each dilution factor, separate two-way ANOVA tests for high-, moderate-, and low-concentration
samples demonstrated statistical differences in values across matrices (a = 0.05, p-values = 0.007,
1.061 x 107, and 0.017, respectively). However, mean differences between values from each
donor sample diverge by less than 2 units (1.150-1.854). Furthermore, differences between
values across sample concentrations, matrices, and dilutions appear to be stochastic, with no
clear trend suggesting one matrix as preferable over the other. Moreover, results indicate no
appreciable difference between detection results from samples diluted in either water or saliva
matrices.

Following the optimization of the enrichment step for microfluidic integration, the
incubation interval associated with enzymatic lysis was also tested to determine whether a 5 min

duration was necessary for downstream detection of the viral RNA. As discussed previously, the
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Figure 4-8. The effect of shortening heated
incubation time during enzymatic
extraction. Three positive patient samples
in VIM at different relative sample
concentrations were enriched and heated
with enzymatic extraction reagents in-tube
for either 5 minutes or 1 minute. Extracted
samples were amplified in triplicate and
resultant Ct values indicated the data sets
are equal and there is no statistical
difference between them. Adapted from
Turiello et al. 2022, Lab Chip.*3

75 °C incubation step was previously
eliminated, meaning that the lysis was truly a
one-step extraction based only on a 95 °C
incubation. Still, contact heating at such an
elevated temperature on a polymer-based
device can lead to both deformation and
delamination, enhancing the potential for
failure modes. Thus, minimizing the incubation
period is ideal for this particular mode of
automated extraction. As before, three clinical
samples denoted as having relatively high,
levels of virion were

moderate, and low

enriched and extracted using the in-tube protocol, whereby extraction proceeded with 95 °C

incubations at either 5- or 1 min. Figure 4-8 demonstrates that a reduced lysis dwell time of only

1 min showed successful in-tube RNA isolation from clinical samples. A 2-way ANOVA comparing

C: values indicated RNA yields were statistically similar after 5- and 1 min incubations across all

sample concentrations (a = 0.05, p-value = 0.2968). Thus, all uCD lysis reactions had a duration

of only 1 min.

4.3.4. Characterization of a Rotational Microdevice for Viral Enrichment and Enzymatic

Extraction. The uCD was designed with a view toward increased throughput and includes six

identical domains for parallel, multiplexed sample preparation (Fig. 4-9A and B). Within a single
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Figure 4-9. Sample preparation uCD architecture. (A) Exploded depiction of the 5-layer
polymeric disc and capping layer to enable increased chamber volumes, affixed to the disc by
PSA and capped with PeT. (B, C) Top view of uCD and one labeled domain depicting sample
chambers, fluidic channels, pressure vents, laser valves, and reagent loading ports.

Adapted from Turiello et al. 2022, Lab Chip.:

domain, NP enrichment and enzymatic lysis occur in the centrally located magnetic manipulation
chamber. This “concave-shaped”!® chamber features a distal vertex, designed to retain magnetic
NPs during supernatant removal and, ultimately, RNA elution (Fig. 4-9C). Chambers closer to the
center of rotation (COR) are designed for aqueous patient samples and extraction reagents; these
are loaded through overhead ports designed to interface with pipette tips and feed the liquid
into the device through the bottom of the chamber as air is displaced through pressure vents.
The magnetic manipulation chamber is designed to house magnetically-actuated NPs, with a
vertex to sequester them between steps in response to centrifugal force, so that waste and
eluate can be removed toward the periphery of the disc.

The sequential unit operations begin when the liquid sample, suspended NPs, and the
enzymatic extraction cocktail are loaded into the sample input, magnetic manipulation, and

extraction reagents chambers, respectively (Fig. 4-10). Comprehensive virion capture during NP
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Figure 4-10. AutoCAD rendering demonstrating sequential unit operations performed with
the uCD. Operations include reagent and sample loading, enrichment, waste removal,
extraction, and viral RNA elution. Adapted from Turiello et al. 2022, Lab Chip.*3

enrichment of the sample was facilitated through bRMF-induced back-and-forth NP “sweeping”.
The sample/NP mixture was subjected to the bRMF for 5 min, the same interval determined to
provide enrichment in-tube (Fig. 4-4). NPs, now with adsorbed virions, are centrifugally pelleted
into the chamber vertex to maximize retention for supernatant removal to the waste chamber.
NPs are resuspended via introduction of the enzymatic lysis cocktail to the magnetic
manipulation chamber. Lysis of adsorbed virions was enhanced via the bRMF to increase
turbulence and promote more frequent interactions between trapped virions and lysis enzymes
than possible under purely diffusive conditions. The cocktail was heated for 1 min at 95 °C, as
prescribed by earlier results. Finally, NPs were centrifugally pelleted, and the eluate was
rotationally driven into the viral RNA elution chamber, from which it could be collected and

amplified with no further purification required..
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The reliability of the uCD method was dependent on reproducible performance of the
sequential unit operations in the requisite order. Furthermore, the carryover of the matrix into
the RNA eluate confers detrimental effects on the performance of downstream real-time RT-
PCR.?° To evaluate the puCD architecture and determine whether this type of inhibition is likely to
occur in our system, dye studies were completed to colorimetrically characterize the matrix
presence in the on-disc eluate. Here, aqueous blue and yellow dye solutions were used to
represent the sample and extraction cocktail, respectively. Figure 4-11 shows digital scans
demonstrating that the dyes were moved throughout each domain according to the assay
workflow, with all valve openings and channel closures reproducibly operating as expected.
Quantification of matrix prevalence in the eluate was enabled by collecting empirical
measurements of the hue, the circular variable that represents a color within the visible portion
of the electromagnetic spectrum.?* The hue of the yellow dye in the eluate chamber after the

completion of the assay workflow (0.175 + 0.003) was statistically significantly higher than that

Figure 4-11. Representative dye study demonstrating fluidic control. One representative uCD
domain depicting the progress of a dye study (n = 6). Aqueous blue and yellow dye solutions
represent the sample and extraction cocktail, respectively. Adapted from Turiello et al. 2022,
Lab Chip.3
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of pure yellow dye (0.147 + 0.004), according to an unpaired t test for means (a = 0.05, two-tailed
p-value <0.0001). This upward shift in hue was attributed to contamination with the blue dye
(hue =0.571 £ 0.002), which reflects the carryover of the matrix into the viral RNA eluate (Fig. 4-
12A). Mixing between fractions was not unexpected; the magnetic manipulation chamber
geometry was designed to retain NPs in the vertex extending radially outward below the elution
channel for maximized RNA recovery, as discussed above.'® Simultaneous capture of fluid in this
vertex, and ultimately carryover into the eluate, was unavoidable. To characterize the extent of
matrix carryover, hue measurements taken from the uCD eluate fraction were compared to dye
mixtures of known composition. Specifically, colorimetric analysis of serially diluted dye
standards (blue in yellow) demonstrated a strong linear correlation between increases in the hue
and in the prevalence of the blue dye (R? = 0.996) (Fig. 4-12B). This relationship was used to
calculate that the final eluate is comprised of 6.58 + 0.72% blue dye, or crude sample matrix.

However, NPs were not included in this dye study; | anticipate that the prevalence of sample
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Figure 4-12. Quantification of residual matrix by the uCD. (A) Line graph depicting the hue of
blue and yellow representative dyes following the uCD protocol, compared to control dye
solutions. The increased hue measured from the yellow dye after the assay represents the
carryover of the blue dye (sample matrix) into the final eluate (yellow fraction). (B) Calibration
curve of the hue against the percentage of blue dye mixed with yellow solution used to
calculate the magnitude of sample carryover into the final eluate observed during the uCD
assay. Adapted from Turiello et al. 2022, Lab Chip.*3
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matrix in viral RNA eluates would be much lower. During preparation of real samples, NPs would
occupy the chamber vertex during supernatant flow to waste, sterically excluding fluid.
Therefore, | concluded that on-disc viral RNA eluates would contain only minimal matrix, which

would likely not inhibit PCR.

4.3.5. Integration of SARS-CoV-2 Reference Material and Clinical Samples. Experimental results
from replicate dye studies indicated effectual architectural features and reliable fluidic control.
Furthermore, in-tube studies indicated that the RNA preparation workflow produced comparable
results to a gold standard method. To demonstrate successful uCD adaptation, SARS-CoV-2
reference material was serially diluted and prepared in parallel using the proposed method in-
tube and with the uCD. As previously discussed, this reference material was selected because it

features an extractable viral protein coat encapsulating the RNA, and thus may serve as a full-
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can|s® tube and pCD extractions were compared to
o
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© DU & ¢ 0 concentrations  (Fig. 4-13). It was

Accuplex™ SARS-CoV-2 Reference Material

& 2019 n-CoV Positive C I .
n-CoV Positive Contro hypothesized that samples prepared by both

Figure 4-13. Sensitivity testing with SARS-CoV-
2 reference material. Full-process SARS-Cov-2 ~ methods would produce equivalent C; values
control was extracted in duplicate neat and
diluted in water with the in-tube and ucD and likewise be similar to cDNA plasmid
methods. Resultant Ct value comparisons
suggest statistically significant differences at  Positive controls, indicating successful
100 copies/uL, but not at 50 and 25 copies/uL.
Adapted from Turiello et al. 2022, Lab Chip.? automation with the uCD and good
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extraction efficiency, respectively. According to one-way ANOVA tests to analyze the equivalence
of means, for samples prepared at 50 and 25 copies/pL, the null hypothesis could not be rejected
(a0 = 0.05, p-values = 0.3306 and 0.5281, respectively), suggesting C: values were statistically
similar. Thus, at these concentrations, RNA isolation performs comparably in-tube and in the
UCD, producing similar RNA yields. Furthermore, statistical similarity between extracted RNA C;
values with that of the plasmid positive control, which does not require enrichment or extraction,
suggests highly efficient rnaGEM extraction both in-tube and on-disc. Conversely, analysis of 100
copies/uL samples indicated a statistically significant difference between the three conditions (a
= 0.05, p-value <0.0001). Upon closer examination using a Tukey’s test, more variation exists
between the prepared samples and the plasmid positive control than between the two
preparation methods. The mean C; values between the in-tube and on-disc methods were 3.711
and 3.134 units different from that of the plasmid positive control, respectively. For contrast, a
comparison of the C; values obtained from in-tube and puCD preparation reveals a mean
difference of only 0.577 units, indicating adaptation to the uCD was not detrimental to the
sample preparation chemistry. Here, it was demonstrated that, with full-process controls, sample
preparation by the uCD produces amplification-ready RNA comparable to that by the in-tube
method.

Next, to evaluate the method’s capacity for the preparation of clinical samples, positive
samples were prepared via the uCD workflow. Real-time RT-PCR amplification of RNA isolated
from VTM samples neat and diluted (1:2, 1:4) was successful for all samples prepared using both
the in-tube and uCD methods. Notably, eluates with different dilution factors exhibit similar C;

values between methods, a phenomenon observed previously, and one that has been attributed
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Figure 4-14. Device compatibility with clinical

samples.  Nasopharyngeal swabs were from reference material and positive
extracted neat and diluted in water using both

methods. Resultant eluates produced higher Ct  controls (Fig. 4-14). On average, C: values
values with the uCD method. Adapted from

Turiello et al. 2022, Lab Chip.** resulting from amplification of uCD isolates
were 3.266 units higher than those prepared in-tube. | suspect these results diverge from those
generated when comparing the full-process control as a direct result of the presence of a residual

matrix. Recall that, with the uCD method, the carryover of some matrix is expected.

4.3.6. Performance with Multiple Sample Matrices. To this point, dilutions of full-process
controls and VTM from nasopharyngeal swabs were prepared in water. | considered whether this
may have contributed to the higher C: values and sought to investigate this further by instead
diluting the samples in matrices negative for SARS-CoV-2. This way, the matrix would ostensibly
remain consistent, while the input concentration of controls? changed. To control for the
concentration, undiluted full-process SeraCare controls (100 copies/pL) were again processed in-
tube and with the uCD (Fig. 4-15). In parallel, samples were diluted in the nasopharyngeal VTM
matrix, prepared by both methods, and amplified via real-time RT-PCR (Fig. 4-15). Unpaired t

tests indicate a statistical difference between replicate C; values at concentrations of 100, 50, and
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Figure 4-15. Method performance with multiple sample matrices. Full-process SARS-CoV-2
control was extracted in duplicate by the in-tube and uCD methods neat and diluted in two
different matrices: (1) a negative clinical nasopharyngeal sample suspended in VTM and (2)
fresh saliva. Statistical differences were observed between resultant Ct values across all
concentrations and conditions analyzed; notably, average Ct value differences were less than
1 unit with VTM samples prepared by either method. Adapted from Turiello et al. 2022, Lab
Chip.*
25 copies/pL (a = 0.05, p-values = 0.0086, 0.0158, and 0.0026, respectively). Interestingly, the
average C: value difference between conditions at all concentrations was less than 1 unit
(~0.9122), which is much less variable than those of samples diluted in water (Fig. 4-13). |
hypothesize the increased success with samples diluted in VTM can be attributed to the
stabilizing properties of the medium;3° furthermore, studies have demonstrated diminished
stability for other coronavirus strains suspended in water.3! | next evaluated the capacity for the
UCD to process saliva, which has recently garnered much attention as an alternative sampling
type for SARS-CoV-2 detection, given its noninvasive collection.?? | hypothesized the increased
viscosity and complexity of saliva may pose analytical challenges. This was observed when

samples prepared in saliva demonstrated higher C: values, and thus diminished amplification

sensitivity, compared to the VTM-diluted samples (Fig. 4-15). For example, at 25 copies/uL,
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average C; values for samples prepared in VTM were ~30.05, while those prepared in saliva were
~36.35. Additionally, the disparity in performance between in-tube and uCD preparation was
more pronounced in the analysis of saliva compared to that of VTM (Fig. 4-15). Considering the
25 copies/uL samples, amplification of uCD extracts from VTM exhibited diminished sensitivity of
only ~1.38 C; units relative to RNA prepared in-tube; analogous samples diluted in saliva showed

a larger difference.

4.3.7. Investigation Toward On-Disc Reagent Storage by Vacufuge Dehydration. The work
described in this chapter was positioned to align with a downstream detection technology,
enabling the development of a sample-to-answer PON microfluidic system for viral preparation
and detection. Of course, a true PON method requires careful consideration of on-board reagent
storage and ideally does not require cold-chain transport.3® While the enrichment and extraction
chemistries described herein maintain their stability at room temperature for some time, any
associated amplification chemistry would not, unless dehydrated. Thus, early studies were
completed to enable long-term reagent storage on a microdevice.

Two different chemistries designed for dehydration and storage by the manufacturer were
compared for their functionality following a 60 min vacufuge protocol. The kit chemistries,
referred to hereafter as ‘Lo-Rox’ and ‘Lyo-Ready,” were rehydrated with either extracted SeraCare
full process controls or CDC plasmid diluted in nuclease-free water, theoretically permitting
enrichment of the amplification reactions since the bulk volume was made up with sample. Figure
4-16 demonstrates preliminary results from the vacufuge experiment, comparing the

amplification performance of each mix. Overall, the Lo-Rox chemistry resulted in failure to amplify
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Figure 4-16. Comparison of alternative chemistries in preparation for long-term storage. Full
process SARS-CoV-2 controls extracted and amplified alongside CDC plasmid positive controls
by two separate reaction chemistries, both dried down via vacufuge for a total of 60 min. Lyo-
ready reagents perform better overall.

a total of 6 replicates and the Lyo-Ready mix only failed to amplify 4 replicates, indicating
enhanced performance by the Lyo-Ready mix. Interestingly, the majority of detection failures by
both chemistries occurred with SeraCare positive controls, perhaps demonstrating that the
functionality of the reverse transcriptase may have been affected by the vacufuge process. Recall
that the CDC plasmid controls are already reverse transcribed into cDNA, whereas the SeraCare
positive controls release an RNA template upon lysis of the constructed viral envelope. Therefore,
an unevenly distributed failure rate between the two positive controls, and shared by the two
chemistries, points to the diminished efficiency of the enzyme responsible for transcribing RNA
into cDNA. Still, these results were largely stochastic, and similar results may also be observed if
the extraction method was not successful across the SeraCare positive control samples. Moving
forward, SeraCare samples were re-extracted and amplified in triplicate alongside plasmid-based

positive controls using the dehydrated Lyo-Ready reagents alone. Figure 4-17 shows enhanced
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Figure 4-17. Vacufuge analysis of Lyo-Ready
reagents. Full process SARS-CoV-2 control
amplified in triplicate alongside CDC plasmid
positive controls by the Lyo-Ready chemistry,
dried down via vacufuge.

Figure 4-18. Vacufuged Lyo-Ready reagents.
Photographs of Lyo-Ready reagents, vacufuged
for a total of 60 min. (A) in-tube, as outlined in
red, and (B) removed via pipette tip,
introducing a potential manufacturing issue.
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performance overall: all samples amplify
as expected with minimal deviation
between replicates and C: values trend
according to the dilution factor. Thus, it is
suspected that previously observed
stochasticity may be attributed to the RNA
extraction for that particular batch of
samples and/or  the diminished
functionality of the reverse transcriptase
in the Lo-Rox kit.

Despite the experimental success
with Lyo-Ready reagents, it’s important to
note that neither mix dried to a powder
following the 60 min vacufuge protocol;
instead, the aqueous reagents were
transformed into a glutinous pellet at the

bottom of the amplification tube (Fig. 4-

18A). From a reagent storage perspective,

this may be ideal, as it permits reagents to adhere to a particular ‘zone’ within the device that
can be targeted for laser-induced fluorescence detection in the case of RT-PCR. However,
rendering a ‘sticky’ pellet is not ideal from a manufacturing perspective, whereby the pellet must

be somehow removed from the tube it has been vacufuged into in order to transfer it into a
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requisite amplification chamber. Figure 4-18B demonstrates the attempted removal of the
glutinous pellet using a 10puL pipette tip; one can imagine the sampling variability that must be
accounted for should this be the approach. Alternatively, the reagents may be dehydrated onto a
surface that is more easily removed following the dehydration process and placed into the
microdevice. The selection of that surface must be biocompatible to ensure the stability of
analytes and reagents, heat-resistant to withstand thermal cycling, and not inhibitory to
amplification or exhibiting of autofluorescence that might interfere with excitation or detection
signals.

Cyclic olefin copolymer (COC) is a commonly used polymer for microfluidic device
fabrication that is known to be low cost, biocompatible, and detection-friendly in terms of
autofluorescence.3* 3 With a view toward enhancing manufacturability in terms of reagent
storage, two COC substrates were tested for their ability to adhere the dehydrated reagent pellet,
while also not inhibiting amplification or fluorescent signal during RT-PCR. As before, the Lyo-

Ready reagents were used for amplification and the results from amplicons derived from

reactions containing each COC punch were
40 -
330 I I compared against the results from fresh
20
10 ‘liquid’ reagents, and those dried with no
0
Aqueous  Dried coc1  coc2 - COC. Figure 4-19 shows the results from this

Reagent Conditions

study, which indicate that the samples
Figure 4-19. Testing COC substrates for
compatibility with RT-PCR. CDC plasmid prepared with COC showed enhanced
positive controls amplified by the Lyo-Ready
chemistry in various conditions. COC substrates  sensitivity overall, but with more variability
demonstrate enhanced sensitivity, compared
to their aqueous and dried counterparts. between C; values, when compared with the
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aqueous reagents. This is not inherently surprising, as the reaction mix was designed by the
manufacturer to perform optimally in its dried form. Unfortunately, the tubes containing ‘Dried’
reagents were crushed by the instrument, and therefore no conclusions can be drawn about their
comparative performance. Generally, the value of a method for dried down reagent storage is
demonstrated, with preliminary data suggesting deposition on COC for amplification may

alleviate the issues involving manufacturability.

4.3.8. Opportunities for Population Surveillance via Pooling. In considering the implementation
of PON technologies for virion testing specifically, surveillance testing via pooling multiple patient
samples has been of great interest. For context, as the COVID-19 pandemic spread rapidly
throughout the world, commercial nucleic acid preparation kits, required to isolate genetic
material from the virus, became supply-chain limited. Likewise, laboratory infrastructure was
overwhelmed by the influx of multiple tests to ultimately inform on strategic shutdown initiatives.
Largescale pooling initiatives provided agencies with the opportunity to surveil the population,
while also reducing the analytical bottlenecks that come with screening several individuals. One
such strategy, proposed by the United States Department of Human Health and Safety (DHHS) for
surveillance in asymptomatic or low disease prevalence populations involves pooling samples
from up to 20 individuals in a single test. In one analysis, 1191 samples required only 267 tests to
detect 23 positive individuals.3® 37 This chapter (section?) describes a sample preparation method
for the sensitive and rapid detection of SARS-CoV-2 RNA that would be situated for use at the
PON and has the potential to enrich analytes from a large volume of sample via nanoparticle

enrichment and enzymatic extraction. Thus, the preparation method described is ideally situated
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to provide value to largescale pooling efforts; however, the microfluidic interface is less than ideal,
as it only permits up to 50 uL of sample volume.

The coupled enrichment and extraction approach was executed with a semi-automated
platform that permitted the use of larger sample volumes to permit largescale pooling. This
methodology is illustrated in Figure 4-20, where enrichment and removal of contributing
matrices occurs manually and the remaining processes are completed via PDQeX technology.
While this process is described in more detail elsewhere,'3 the method involves the use of an
instrument that completes a single-temperature heating step to induce vial enzymatic lysis, RNA

extraction, and the elimination of RNases. Additionally, the system enables the physical
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Figure 4-20. Adaptation of the extraction protocol to PDQeX method. (A) Following in-tube
viral preconcentration, the capture particle suspension in rnaGEM cocktail was transferred to
a PDQeX tube. Incubation induced the inner walls of the tube to shrink and the heat-burst
valve below the sample reservoir to be actuated, forcing the purified RNA solution through an
on-board filter and into a final collection tube.
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separation of the capture particles from the eluate via the constriction of the sample tube’s inner
heat-shrink layer and actuation of a heat burst valve below the sample reservoir. This action
forces fluid through an on-board filter and into a collection tube while retaining the capture
particles.

To demonstrate proof-of-feasibility, analogous with DHHS initiatives, sample pooling up to
dilutions of 1:20 were prepared and tested using this semi-automated sample preparation
approach. Notably, sample volumes were able to be increased 10x in comparison to the
microfluidic system described earlier in this chapter. That is, a total of 500 pL of pooled samples
were used for analysis. Figure 4-21 shows the C: values associated with samples tested neat and

diluted 1:5, 1:10, and 1:20 in negative patient samples to maintain matrix effects across dilutions.
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Figure 4-21. SARS-CoV-2 sample pooling using a semi-automated enrichment and extraction
method. Nasopharyngeal swabs diluted in VTM from SARS-CoV-2 patients, prepared in 500 pL
sample volumes. Samples were prepared using the modified PDQeX protocol with manual
enrichment via Nanotrap particles. Resulting eluates were amplified alongside CDC plasmid
positive controls, showing detection with CDC chemistry.
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While moderate concentration samples perform as expected, that is, scaling dilution with C;
value, the results for the high concentration samples may demonstrate stochasticity as a result of
the matrix effects. For reference, the matrices between samples were highly variable. Low
concentration samples were largely approaching the negative threshold. Of note, a series of
standards at various concentrations were tested in parallel and the reference results suggest that
the lowest concentration sample is likely below 10 copies/uL. Further studies were completed by
Marshall et al. demonstrating sensitivity with this method for pooling of up to 100 samples in one

reaction tube.?!

4.4. Conclusions

The most pervasive method for the testing and diagnosis of SARS-CoV-2 has proven to be
amplification and detection by RT-PCR, due largely to its sensitivity and inherent specificity.
Unfortunately, this method requires careful consideration of the sample preparation process to
maintain that specificity, especially as it relates to population surveillance of the virus by sample
pooling. | report multiple methods for the preparation of SARS-CoV-2 samples, slated for
detection by RT-PCR. Both methods described leverage a workflow whereby viral enrichment and
RNA extraction are coupled. Enrichment is based upon affinity-based Nanotrap particles that may
be magnetically actuated for preconcentration of the virus itself and removal of any associated
sample matrix (e.g., saliva, nasopharyngeal swab eluate, etc.). RNA extraction employs a neutral
protease to simultaneously remove any implicit RNases and cleave cell-membrane proteins to
release SARS-CoV-2 RNA; importantly, extraction occurs in a buffer compatible with downstream

RT-PCR and does not require further purification steps that may lead to DNA loss. Here, the
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methods are coupled in fully- and semi-automated modes, geared toward the preparation of
samples with volumes <50 pL* and >50 uL'3, respectively. The preponderance of work described
in this chapter focuses on the fully-automated method; however, the application of the larger
volume method for sample pooling is discussed briefly.

The fully-automated method involves a rotationally driven system for SARS-CoV-2 sample
preparation in under 15 min. The uCD is capable of processing up to six samples in parallel. Each
domain can accommodate as much as 50 pL of input, which serves to ease the difficulty in
bridging the macro- to microinterface, a persistent obstacle encountered in the development of
microfluidic diagnostics.3® Beyond the manual addition of clinical sample and reagents, all fluidic
steps were automated to minimize user intervention, ease assay automation, and limit analyst
exposure to viral pathogens. Integration of this method was facilitated by both the durability of
the affinity-bait NPs and the versatility of the lysis chemistry.®!3 Incorporation of enrichment
enabled the removal of the virion from a matrix, likely to contain sample constituents that would
negatively impact detection. The automation of this process on the uCD necessitated the design
of an infrastructure capable of removing residual supernatant matrix without the use of an
internal filter to sequester virion-containing NPs. To permit this, | used rotational force to our
advantage, driving NPs to the vertex!® of the requisite chamber for retention during supernatant
flow to waste. | used dye studies to confirm that only a small amount of residual matrix remains
in the final RNA eluate. Experimentally optimized enrichment parameters were paired with a
one-step enzymatic extraction method to permit rapid provision of PCR-ready RNA. In-tube, the
workflow demonstrated comparable performance to a gold-standard analytical technique,

producing statistically similar C: values with clinical samples at various concentrations diluted in
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both water and saliva. Thus, our approach exhibits applicability to clinically relevant matrices.
Using the uCD method for preparation, | reliably detected SARS-CoV-2 downstream with full-
process controls and positive nasopharyngeal swabs suspended in VTM; in some cases, a
comparison of C; values indicated no statistical difference between eluates produced by the in-
tube and uCD methods. Viral RNA was also successfully detected from saliva samples prepared
by the uCD method, emphasizing the method’s ability to handle sample matrices commonly
encountered in clinical diagnostics.

With a view toward the integration of a downstream detection technology that would
enable the development of a sample-to-answer PON microfluidic system for viral preparation
and detection, on-board reagent storage strategies were explored. More specifically,
amplification mixes were tested for their detection functionality following drying by vacufugation
to mitigate the need for cold-chain transport. These preliminary studies indicate that, in addition
to housing preparation reagents on-board that are known to be stable at room temperature, the
amplification and detection reagents can also be dried down for integration with a microdevice
while maintaining the sensitivity and selectivity for viral targets. Finally, as described earlier,
sample pooling via a semi-automated method was tested for its ability to handle ‘pools’ of
samples with a total volume up to 500 pL. Preliminary work toward surveillance monitoring
demonstrates the application of the preparation mode for pools as dilute as 1:20 and acted as
the foundation for a publication that successfully detected virion from pools with up to 100

patients.?!
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Chapter 5. Perspectives Regarding Microfluidic Technologies Aimed at Forensic

Implementation, Final Remarks, and A Vision For the Future.

Publication(s) included in Chapter 5:
e Turiello, R.; Nouwairi, R.; Landers, J. P. Taking the Microfluidic Approach to Nucleic Acid
Analysis in Forensics: Review and Perspectives. Forensic Science International: Genetics, 2022,

63. doi: 10.1016/j.fsigen.2022.102824

5.1. Conclusions

The microfluidic technologies developed as part of this dissertation were focused on
enhancing nucleic acid (NA) sample preparation workflows for laboratory automation and
improved recovery of genetic material for both forensic and clinical applications. The motivation
to concentrate specifically on NA preparation as opposed to downstream analytical steps was
because the success of the sample enrichment, extraction, and/or epigenetic conversion is
outcome determinative, regardless of the application. Likewise, each of the aforementioned NA
preparation methods are conventionally labor-intensive and time-consuming, making
automation difficult from start-to-finish and generally challenging for laboratories to adopt.
Furthermore, adapting each workflow to a microfluidic scheme permits not only streamlined
sample preparation, but also the coupling of multiple preparation processes that would otherwise
require hours at the bench.

As the preponderance of the work featured in this dissertation was focused on

microfluidic technologies aimed to enhance a forensic genetics workflow, Chapter 1 serves as a
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review and perspective in this area.! An abridged history of the convergence of microfluidic
technology and forensic practice is presented, as it relates to DNA-based human identification
(HID). A brief summary detailing many of the recent microfluidic approaches to discrete portions
of the forensic genetics workflow is provided, as well as descriptions and comparisons of the few
sample-to-answer systems that have been commercialized to date. For additional context, the
unique advantages and practical limitations of microfluidic technologies slated for the forensic
genetics marketplace are provided. Finally, the chapter narrows to focus specifically on the limited
implementation of forensic epigenetic analysis in criminal casework, especially considering the
magnitude of related research publications.

Chapter 2 described the development of a microfluidic disc for dynamic solid phase
bisulfite conversion (dSP-BSC) aimed for epigenetic-based human chronological age prediction.?
The disc was designed to facilitate the deamination of unmethylated cytosines to uracil, beginning
with sulphonation and hydrolytic deamination via incubation with ammonium bisulfite in a
conversion chamber, to produce 5,6-dihydrouracil-6-sulphonate. The partially-converted material
was then bound to silica particles to undergo purification and a final desulphonation step in a
magnetic manipulation chamber, designed specifically to partition the sample from magnetic
beads during each unit operation and as reagents are released in sequence. The device was
evaluated for its comparative performance to the conventional workflow with regard to DNA
recovery and conversion efficiency by targeted real-time polymerase chain reaction (RT-PCR) and
high resolution melting (HRM), respectively. While limited in scope from a genomic perspective,
the relative differences in C: and T values as reaction conditions were altered in a stepwise

fashion did follow expected trends; for example, shortened sulphonation and deamination
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incubation time scaled appropriately with melting temperatures as GC content was preserved.
Ultimately, the entire conversion workflow duration was reduced by ~40%, an estimation not
including the time saved with automation on the microfluidic platform. While DNA recovery on
the device showed comparable results to the conventional method overall, recovery was
increased when testing the microfluidic conditions in-tube. Thus, it was surmised that the fluid
lost, either due to evaporation or to the surrounding heat-sensitive adhesive (HSA) between disc
layers, contributed to some loss of DNA in the system. Still, performance was determined to be
comparable to the gold-standard workflow in terms of recovery and conversion efficiency.

To further reduce the amount of DNA lost during the epigenetic sample preparation
workflow, Chapter 3 focused on the use of an enzymatic method for DNA extraction to be
incorporated upstream of microfluidic conversion. Compared to the standard mode of DNA
extraction that utilizes proteinase K/sodium dodecyl sulfate (SDS), enzymatic lysis by the neutral
protease Bacillus sp. strain EAl is a one-step extraction method that eliminates the need for
purification by silica. Initial studies concentrated on characterizing exactly how much DNA was
lost with purification, and retained by the EA1 extraction method. To this end, pre-purified DNA
standards with non-methylated and methylated genomes were “extracted” by either method and
results from parallel reactions each indicated that an average of 26% of DNA was lost to
purification. Integration of EA1 extraction upstream of epigenetic conversion was completed with
K-562 prepared cells and venous blood from anonymous donors at UVA hospital; preliminary
studies indicated that the non-purified eluate originating from EA1l extraction was indeed
compatible with downstream conversion followed by targeted RT-PCR, HRM, and pyrosequencing

with age-associated targets. The method also demonstrated effective lysis and downstream

193



testing following an extraction protocol as short as 15 s. As part of this work, a microfluidic
architecture was proposed to enable integrated extraction and conversion, permitting direct-
from-swab enzymatic lysis followed by the precise metering of ~2.039 puL of eluate for epigenetic
conversion by bisulfite. Preliminary characterization of the microfluidic extraction method was
completed with FLOQSwabs containing 10 uL of blood; RT-PCR and HRM results confirmed
functionality of the microfluidic approach in terms of DNA recovery and conversion efficiency.
While the pyrosequencing of samples prepared using the device does result in sequencing reads,
one of three replicates was flagged, indicating there may be some inhibition related to disc
materials that requires further optimization.

Utilizing similar microfluidic design features as those proposed in Chapters 2 — 3, Chapter
4 presents a method for the sample preparation of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) aimed for diagnostic testing via downstream RT-PCR.3%° The work
described therein was developed in response to the 2020 global pandemic and with support from
the National Institutes of Health (NIH) Rapid Acceleration of Diagnostics (RADx) initiative to
enhance viral surveillance and containment efforts. Initial studies, not fully detailed in this
dissertation but described elsewhere,® worked to characterize the coupling of affinity-capture
nanoparticle enrichment and EA1-based enzymatic lysis of the viral envelope. This workflow was
meant to effectively enhance diagnostic sensitivity via virus preconcentration, matrix removal,
and eliminate the need for silica-based purification, which is known to result in nucleic acid (NA)
loss. In particular, Chapter 4 of this dissertation seeks to characterize the enrichment method in
terms of optimal incubation time and nanoparticle percent contribution with aqueous samples

constructed from patient nasopharyngeal (NP) swabs diluted in viral transport medium (VTM)
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and saliva collections. To automate the entire workflow, a rotationally-driven microfluidic disc is
proposed and validated for functionality by colorimetric dye studies. The fully integrated
microfluidic workflow performance is compared with the benchtop approach using reference
standards, NP swabs suspended in VTM, and patient samples diluted in a saliva matrix. The full
workflow required a total of 50 pL of sample per replicate and permitted the parallel preparation
of up to 6 samples in under 15 min. Additional work tested the method by measuring
amplification with a chemistry designed toward a sample-to-answer COVID diagnostic, and
results indicated the potential for the method to be used for surveillance testing via sample

pooling.

5.2. Ongoing Studies, Future Work, and Persistent Challenges.

Below, ongoing studies and future work are described, specifically as it relates to the
forensic epigenetic technology disclosed in this dissertation. Briefly, ongoing studies are focused
on the validation of the method for coupled sample preparation, described in Chapter 3. These
would ideally include additional work to more thoroughly characterize the performance of the
integrated extraction and conversion method, with a focus on the quantity and quality of genomic
DNA following preparation and the resultant bisulfite conversion efficiency. Future work will shift
to the development of a sample-to-answer epigenetic system leveraging microfluidic cycle
sequencing. Persistent challenges related to pyrosequencing optimization and the use of a

potentially inhibitory reagent are described as well.
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5.2.1. Ongoing and Future Work Toward an Integrated Method for Epigenetic Sample
Preparation and Beyond. As discussed, Chapters 2 — 3 were focused on the development of
microfluidic tools for epigenetic sample preparation with the goal of automating the entire
process and making it more amenable to input forensically-relevant concentrations of genetic
material. Once again, these processes included DNA extraction by a neutral protease and bisulfite
conversion. Contrary to their order in the analytical workflow, the development of a conversion
method was completed first. Chapter 3 focused predominantly on verifying the extraction
chemistry was compatible with downstream conversion by ammonium bisulfite, with very
preliminary studies involving the coupling of both processes onto the microfluidic system. Work
to further develop, characterize, and validate the entire microfluidic process is ongoing.

In addition to the typical elements associated with validation of a microfluidic method,
like demonstration of analytical range and sensitivity, studies to examine the effect of using this
method upstream of human chronological age prediction are required. For context, recent work
comparing the accuracy of age prediction using different amounts of input DNA have
demonstrated increased error in age predication (mean absolute error, MAE) with less than ~2 ng
of DNA in the amplification reaction, a very small amount for the application.”® While promising,
this input amount is still not comparable to other highly sensitivity forensic genetics methods
capable of produced results from only picograms on input material.® We can extrapolate that
accurate predictions require the recovery of as much input DNA as possible. Using conventional
methods for extraction and conversion result in a significant and highly variable loss of genetic
material; therefore, recouping the losses by eliminating the need for purification, whereby an

estimated ~26% of DNA may be lost (Chapter 3), and by reducing conversion incubation
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parameters to abasic site-related strand scission (Chapter 2), should enhance prediction
accuracies. In summary, ongoing work will estimate the total time saved and the increase in
recovered DNA after coupling these processes onto a microfluidic platform.

Future work should focus on shifting from a targeted genetic approach to device validation
to one that provides a more comprehensive, (epi)genomic view of experimental outcomes. In
brief, the targeted approach taken to examine the aforementioned technology, specifically as it
relates to the bisulfite conversion method described in Chapter 2, may not be considered ideal
since it only provides insight into a limited number of age-associated targets that are ostensibly
enriched by amplification. That is, a targeted approach does not indicate the extent of DNA
fragmentation or conversion efficiency across differentially methylated regions of the genome. Of
course, if the application is for RT-PCR and HRM-based age prediction at ~2 loci, as reported by
Hamano et al., validating the method using a targeted approach is acceptable, as it is only
necessary to determine how those loci are effected by preparation with the microdevice.’
However, if this method of sample preparation is to be considered compatible with epigenetically-
based age predication assays that leverage pyrosequencing and next generation sequencing
(NGS), a more global estimation of the quality and quantity of bisulfite-converted DNA is
necessary. Therefore, future work would include the use of a multi-target assay, such as the
“QBico Tool” developed by Athina Vidaki,® to more thoroughly evaluate bisulfite conversion
efficiency and degradation. The Vidaki assay uses multiplex PCR and comparative analysis with
standards in parallel to assess bisulfite-treated genomic DNA for quality, quantity, and conversion

efficiency.!?
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Figure 5-1. Microfluidic Disc for Downstream Age Detection by Sanger Sequencing. AutoCAD
rendering with highlighted domains designated for separation of three age-related targets and
a close-up of the microfluidic architecture in one domain. Design includes the reagent
chambers for PCR clean-up, and separation polymer; reaction chambers for cycle sequencing,
PCR clean-up, and sequencing; and metering chambers for sample amplicons and separation
polymer. Accessory pieces include a central adaptor for integration with the mechatronic
system, gold electrodes flanking the channel, and the COC separation channel with an

integrated cross-T design.

Looking to the future and beyond epigenetic sample preparation alone, the creation of an

integrated sample-to-answer method for forensic epigenetic analysis would increase ease of

analysis in the lab and at the point-of-need. The proposed design for a rotationally-driven disc for

multiplexed age-prediction is depicted in Figure 5-1. The microdevice unit operations would

include template preparation by cycle sequencing (i.e., sanger sequencing amplification), post-
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PCR clean-up, and electrophoretic separation and detection. The architecture described would
house three separate domains, each capable of performing the fully-integrated aforementioned
workflow; that is, each disc will be capable of running Sanger sequencing for three targets and in
three individual separation channels. The purpose of domain sequestration is to enable target
multiplexing from one donor sample with the age-associated targets ELOVL2, FHL2, and KLF14.1!
This way, multiple linear regression analysis of the data produced by one microdevice could
provide enough genetic information for a predictive measure of human chronological age. This
disc would leverage the mechatronic system, termed the “FaSTR System,” first developed by the
Landers Group for forensic analysis of short tandem repeats (STRs) (Fig. 5-2).1? This associated
instrument will facilitate the pumping of fluid rotationally through a series of channels and vented

chambers for thermal cycling, incubations, and injection-based separations. As with the methods

SESS e described in this dissertation

Clamping
motor

(Chapters 2 — 4), accurate and precise
on-disc fluidic control and integration

should be tested with dye studies and

subsequent objective image analysis

via digital postprocessing using

----------------------- imaging software, such as Fiji Image)

Figure 5-2 Schematic of the FaSTR System. The
mechatronic system includes architecture for device
rotation, laser valving, thermal cycling, and separation
and detection of STRs for forensic identification in
under 45 minutes. The full system is complete with a
touchscreen featuring a graphical-user interface (GUI)
for ease of analysis. Figure adapted from Tsuei Scott.!?

Freeware.’> Additional optimization
would include testing the separation
and detection architecture to ensure

adequate injection and separation
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parameters, focused laser excitation, fluorescence detection, and single-base pair resolution. For
sample-to-answer epigenetic analysis, this disc would require integration with the sample

preparation disc detailed in Chapter 3.

5.2.2. Persistent Challenges.

5.2.2.1. Pyrosequencing Assay Optimization. Human age approximation via interrogation
of methylation status at select CpGs is most often accomplished using pyrosequencing assays.'*
Pyrosequencing is a sequencing-by-synthesis method whereby DNA elongation is catalyzed by
DNA polymerase as deoxynucleotide triphosphates (dNTPs) are introduced and pyrophosphate
(PPi) is released and converted to adenosine triphosphate (ATP) by sulfurylase. To generate a light
for interpretation by the instrument’s software, ATP powers the oxidation of luciferin by luciferase
to ultimately produce a fluorescent signal each time a dNTP is incorporated in a predetermined
order.r> While the method is limited in its ability to multiplex large numbers of samples and CpGs
in a single run compared with other NGS tools, it is cost-effective and ideal for limited locus
analysis applications like age estimation. However, similar to other methylation-specific detection
modes, careful consideration must be paid to assay design to ensure specificity, sensitivity, and
maintained signal across the locus, especially as it relates to bisulfite-treated DNA. In fact, it has
been reported that sequencing efficiency drops after 140 base pairs (bps), as enzyme
concentrations and efficiencies dilute with each cycle of base addition.'® While limited data
related to pyrosequencing is presented as part of the dissertation work, optimization of multiple

assays are in progress for additional validation and age approximation. Initial efforts focused on

implementing an assay to interrogate the ELOVL2 region, described by Zbiec-Piekarska et al. in
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Figure 5-3. Pyrosequencing Signal Optimization.
Enhanced performance following assay optimization
and vibrational noise reduction through the
incorporation of a granite slab.

2015.1' Unfortunately, due to the
complexity of the region and CpGs of
interest, the amplicon length far
exceeded the 140 bps required for
efficient pyrosequencing, leading to
red flagged allele calls and indicating
signal decline across the locus. Of
note, this assay was first developed to
work on a different generation
pyrosequencing instrument. Several
studies were completed in an effort to
enhance pyrosequencing results with

this assay, including a titration of the

amplification primers, primer annealing studies to minimize bisulfite-related PCR bias, a reduction

of the streptavidin bead volume per reaction, and a titration of sequencing primers. Through

collaborative efforts with Qiagen, the assay was improved by the addition of a third amplification

primer, which included biotinylated sequences designed to amplify both methylated and

unmethylated transcripts. However, results remained stochastic overall, even with the additional

optimization repeated for the redesigned assay (i.e., primer titrations, annealing temperature

optimization, etc.). It was not until the instrument was stabilized on a granite slab to minimize

vibrational noise that signal was improved enough to be considered “passed” by the instrument

and across the locus (Figure 5-3). A similar finding related to vibrational noise-related
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pyrosequencing failure was reported by Konrad et al. in 2022.17 Konrad described that 73% of
analyses “failed” prior to the placement of PyroMark Q48 instruments on weighing tables that
minimized vibrational disruption and resulted in successful and reproducible pyrosequencing in
88% of samples tested.!” Kampmann et al., who also modeled their age assay and prediction
model on the Zbie¢-Piekarska method,!! described that 218 of 960 sequencing runs were flagged
by the PyroMark Q48 software.!® In response, the authors opted to ignore the quality assessment,
instead electing to use their own manual analysis for quality control, resulting in the inclusion of
957 of 960 runs.!® In this dissertation, the ELOVL2 assay described by Kampmann was leveraged
for the sequencing described in Chapter 3. While the testing was successful overall, the Q48
guality assessment did flag some of the data that showed clearly resolved peaks at the loci of
interest. Additional work to test the upstream sample preparation method with the entire aging

panel is underway.!®

5.2.2.2. Indications of Fluid Loss and Inhibition Related to the Heat-Sensitive Adhesive
used for Polymeric Disc Fabrication. The microfluidic devices described in this dissertation were
composed of layered polymeric materials, chiefly polyethylene terephthalate (PeT), that were
thermally bonded together via a heat-sensitive/activated adhesive (HSA/HAA). For bonding, disc
layers containing all architectural features including all chambers and channels, were aligned,
placed inside of an envelope composed of brass shimstock, and laminated together using a
commercial-off-the-shelf laminator by passing the envelope through the laminator twice.'® The
bonding temperature was routinely monitored via external thermocouple and typically

approached between 180°C to 183°C. Following lamination, the device was placed in an oven and
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under weights at 40°C for no less than one hour before accessory components were added. With
this protocol, the fabricated discs appeared as a monolithic structure with successfully connected
channels and chambers, as intended.

Functionality in terms of fluid retention and flow was confirmed with dye studies and with
the addition of reagents; however, the targeted application of heat via a Peltier to microdevice
chambers resulted in the visual deformation of the disc in this region. This phenomenon was
observed for heated incubations greater than 75°C, especially when the hold duration was
greater than 30 s, which was required for the enzymatic extraction described in Chapter 3.
Furthermore, following the heated incubation and deformation, the full volume of fluid was not
retained and the area directly surrounding the chamber often appeared darker, as if saturated
with some amount of liquid. The amount of fluid loss experienced with the longest heated
incubation, according to the bisulfite conversion reaction, is characterized by colorimetric dye
studies in Chapter 2 (Fig. 2-16 and 2-17). These results indicate that some amount of
delamination is occurring with heated incubations on-disc. According to the product information
sheet provided by the manufacturer, the heat-activated adhesive transfer tape used for thermal
bonding is composed of a polyester resin and a cross-linker that can be activated at temperatures
less than 100 C, with an optimal application temperature around 162°C.2° Thus, fluid loss is likely
occurring through re-activation of the adhesive material and subsequent delamination.

In addition to the fluid loss following the heated re-activation of adhesive material between
layers, there is concern of the potential for HSA-related acidification of aqueous reagents on the
discs. While the exact formulation of the particular HSA is proprietary, polyester resins are

typically composed of various unsaturated acids, such as fumaric acid, maleic anhydride, or
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Figure 5-4. Performance Following Conversion with HSA. Heat-sensitive adhesive was
incubated in 4 mm punches during the sulphonation and deamination incubations associated
with bisulfite conversion. RT-PCR (A) and HRM (B) results show no resultant statistical

differences between conditions, indicating that HSA-related acidification doesn’t interfere
with the reaction at this stage.

phthalic or terephthalic acid. Dignan completed a colorimetric evaluation of a pH solution that
had been heated on a microfluidic disc composed of the same HSA; her findings suggested that
hue distributions widened considerably following only 1 min of heating in the presence of HSA at
95°C, indicating rapid acidification (unpublished work). These experiments confirmed the release
of protons into solution following delamination of the material from on-disc heating. Concerning
the applications described in Chapter 2 and 3, samples spiked with HSA punches during the
sulphonation and deamination step showed no inhibition via RT-PCR and HRM (Fig. 5-4A and B).
Average C: and Tm values showed no statistical differences between replicates tested by either
condition (unpaired t-tests, & = 0.05, p-values = 0.233 and 0.415, respectively). However, irregular
pyrosequencing data was observed between the two conditions, indicating that samples
processed in the presence of HSA might result in more flagged alleles by the Q48 quality

assessment mechanism. Still, for the reasons described in section 5.2.2.1 of this chapter,
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additional research should be completed to ensure this is not also an effect of adverse instrument

vibration.

5.3. Considering Technological Developments Slated for Forensic Implementation.

Considering much of the work detailed in this dissertation was focused on the
development of a microfluidic tool for forensic genetic integration, the remaining focus of this
chapter is on the future implementation of microfluidic tools for forensic use. In the following
sub-sections, | consider the trade-offs associated with microfluidic integration into the forensic
genetics workflow, describing the intricate forensic climate and commenting on the limited
implementation of these tools to-date. | posit that microfluidic technologies would have a higher
impact potential if they were developed to solve new problems or facilitate the use of emerging
techniques that have not yet been utilized widely beyond proof-of-principle research. Multiple
opportunities for microfluidic integration within HID and criminal investigation are proposed to
increase laboratory efficiency and expand the capacity of forensic science services in the future.
Furthermore, the potential for the integration of the existing commercial systems for Rapid DNA

analysis and expedited HID are discussed.

5.3.1. Trade-offs and the Forensic Landscape. When considering the unique advantages of
deployment of microfluidic devices for Rapid DNA typing, one should be cognizant of the practical
limitations that must be overcome and contextualize them within the broader forensic genetics
community. Collectively, the forensic culture contributes to a nuanced marketplace that is not

easily distilled down to a simple case of supply and demand. It is clear that this particular
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Figure 5-5. Trade off-triangle. Related to the
implementation of microfluidic technology for
forensic human identification. Adapted from
Turiello et al. 20231

landscape is complex and multifaceted,
and layered with considerations
pertinent to the  case-working
laboratories, critical to their oversight
bodies, and important to the
communities they serve. These
considerations restrict microfluidic tools
from being deployed in the same
manner across all labs, or even among
members or units within one

organization. Here | discuss some of the

factors and hurdles that | believe have contributed to the limited implementation of these tools

in practice. For clarity and case study purposes, the focus is primarily on the commercially-

available tools for sample-to-answer Rapid DNA analysis. Additionally, this discussion is

contextualized around public crime laboratories, which can be collectively regarded as being

overburdened, underfunded, and existing within an adversarial judicial system designed to

scrutinize every fact in the pursuit of a fair trial.2! The implementation of new technology in these

types of bureaucratic organizations requires a careful consideration of the trade-offs and realistic

expectations, narrowing the menu of potential opportunities to those that are more conservative.

For Rapid DNA technology in particular, these trade-offs predominantly involve cost, practical use

at the scene, and investigative time (Fig. 5-5).
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5.3.1.1. Cost. On its face, currently available microfluidic DNA technology is more
expensive and limited in throughput relative to traditional analytical workflows. For example,
when calculating reagent cost per sample, the ANDE 6C Rapid DNA Identification System is ~$250
(assuming 5-sample analysis), almost 10x the cost relative to conventional analysis.?? Additionally,
the instrument only supports the processing of a maximum of five samples simultaneously. While
there is no direct comparison for end-to-end throughput using the traditional methods, it is
noteworthy that the QlAcube HT (QIAGEN) biorobot automates sample preparation for up to 96
samples and the 3500xL Genetic Analyzer (Thermo Fisher Scientific) has the capacity to perform
CE on as many as 384 samples in one run. Unlike the ANDE 6C, however, it would be hard to
imagine the QlAcube or the 3500xL to be considered ‘2-man luggable’, a prerequisite for Rapid
DNA technologies developed as a result of the 2010 Rapid DNA Initiative. In addition to the steep
per sample cost, purchase of the ANDE 6C can run as high as $250,000.2% Up-front costs aside,
recall that no analyst intervention is required for reference samples, and is only necessary for
more complex inputs at the interpretation stage. Thus, with laboratory overhead considerations,
the cost of analysis could be considered justifiable. From a societal perspective, it has been argued
that the ‘added value’ can be correlated to the outcome of criminal investigations, courtroom
rulings, and the corresponding ability to reduce crime.?* Unfortunately, factors like crime
reduction and courtroom outcomes are not easily quantified, and may take years to come to
fruition for a true assessment of the added value versus cost of a new technology, especially
considering most forensic laboratories are crowd-funded by tax dollars appropriated for forensic
services. This government-defined budget is reevaluated and renewed annually on the basis of

perceived need, crime clearance rates, and budgetary restrictions. With a true added value
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difficult to quantify and with limited availability of resources, even the most forward-thinking and
adaptable crime laboratories might not be willing or able to justify the start-up costs associated
with a new technology that, at least initially, is more expensive and can be considered less capable

than existing strategies.

5.3.1.2. Practical Implementation. The commercially-available instruments are
constrained by lower sensitivity, absence of pre-PCR quantitation, and the inability to handle
some complex samples. These factors alone don’t restrict use at the crime scene, but from a
quality assurance/quality control perspective, it becomes difficult to ensure standard
performance across a variety of case scenarios. The precedent for forensic HID via laboratory-
based DNA analysis is that standardization is key to successful prosecution. Public laboratories
must abide by the rules and regulations developed by numerous accreditation bodies, each with
their own guiding principles, to ensure quality DNA profiles are being generated and recorded in
STR databases for use in criminal proceedings. From a legal perspective, the regulations and
procedures surrounding DNA typing should be unapologetically stringent, given the weight with
which DNA evidence is considered. However, in practice, all case scenarios cannot be weighed
equally, and there must be some flexibility; in fact, forensic quality management systems are
designed to facilitate continuous improvement.?> The complicating factor here is ‘expectation’:
the scientific requirements for implementation of new technology in the field should be flexible
to allow for progress, but standards for the admissibility of evidence necessitate established,
widely-accepted, and strict protocols. The result of this conflict is a legal struggle to find common

ground whenever a new technology enters the forensic workflow (e.g., admissibility hearings)
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ultimately setting a new precedent for use cases. With so many unanswered questions involving
universal compatibility with crime scene samples and the labyrinth that is providing expert
testimony on the results generated from systems featuring proprietary technology, laboratory
personnel may be hesitant to use Rapid DNA tools at the PON in their current form. Furthermore,
agencies may be mandated to conserve raw sample and/or DNA extract to enable analysis in the
future or by an independent laboratory on behalf of the defendant, discouraging the use of

analytical methods beyond those deemed conventional.

5.3.1.3. Investigative Time. For public safety reasons, instruments capable of the rapid return
of genetic information are extremely beneficial to investigative efforts, whereby the first few days
of an investigation are critical. Findings from an exploratory study of the National Incident-Based
Report System (NIBRS) reported data confirming that, from a statistical perspective, murders are
solved quickly or not at all, with a significant drop in the percentage of cleared cases after one
week.2® Thus, the success of any forensic endeavor is not only a function of robust scientific
analysis, but also the turn-around time of the analysis.?’” This creates the trade-off: while an
investigative lead may be generated early, there is the possibility of limitation-based false
negative generation and sample loss.?® For technology implementation, a cost-benefit analysis
should be conducted by an interdisciplinary team including the investigators and trained
laboratory professionals to determine whether or not Rapid technology should be deployed in a
given case. This requires parties to agree on the expedited processing of a sample based upon
the urgency (e.g., ‘red ball’ cases) and a deep understanding and acceptance of the technological

limitations of their system, including compatibility with certain tissues and/or touch
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contributions, false negative rates, and the availability of reference samples to do comparative
analysis in lieu of database searching.?® In a perfect scenario, this type of concerted effort would
be as simple as a discussion; however, in reality, investigations take place in a bureaucratic system,

divided into discrete units and further complicated by dense and layered chains of command.

5.3.2. Opportunities in a broader application of microfluidics to forensic analysis. The
application of microfluidic technology for use in industry, medicine, life sciences, and academia is
experiencing rapid growth as the investment in research over decades converges with
development of strategies for commercialization and standardization. Continued success requires
learning from the factors that contributed to the early stifling of microdevice translation from
academia to commercial use, including those discussed in Chapter 1. Those developing new
microfluidic methods should be cognizant of whether they are creating better technology to
supplant existing methodologies, or creating innovative solutions for unmet needs in emerging
or niche applications. With the majority of existing microfluidic technologies, customers are
forced to consider trade-offs that often do not favor the of purchasing new technology that only
provides incremental improvements over the existing infrastructure.3® With the goal of providing
solutions for emerging forensic applications that may otherwise be overlooked as a result of
analyst time/training or start-up costs, there are some unique opportunities for microfluidic

integration into serological practices, microbiome analysis, and forensic DNA phenotyping.

5.3.2.1. Forensic Serology. In the majority of forensic biology workflows, NA work is preceded

by serological analysis, where evidence is sampled and tested for the presence of body fluids,
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most commonly blood, semen and saliva. This provides contextual information for cases,
including event timelines and scene reconstruction, and directs analysts to those probative items
likely to contain genetic material. Whether they are considered presumptive or confirmatory,
most tests share the criticisms that they are time-consuming to perform, destructive to evidence
materials, and lacking in sensitivity and/or specificity.3! In response, research focused on the use
of the transcriptome for body fluid identification (BFID) has emerged as a means of distinguishing
deposits via differentially expressed RNAs, including messenger RNAs (mRNAs), microRNAs
(miRNAs), and circular RNAs (circRNAs).32 The regulatory transcripts may be differentiated by
massively parallel sequencing (MPS), but are most commonly identified with assays including
reverse transcription endpoint or quantitative real-time PCR (RT-qPCR), with RT-gPCR providing
more sensitivity and greater dynamic range.333* While these panels are robust, highly predictive,
and capable of multiplexed analysis, case working laboratories have not universally adapted RNA-
based BFID, likely as a result of the increased cost and lack of standardized methods compared
with microscopic, colorimetric, and/or immunological methods.>* Ideally, tests for BFID should be
rapid, simple to implement into the existing workflow, nondestructive to the sample, and
amenable to analysis from multiple substrates.3?

A microfluidic method for RT-gPCR-based BFID would enable streamlined tissue
determination that is comparably more appropriate for forensic use. The theoretical cost,
sensitivity, and speed advantages provided with a microfluidic approach to amplification at scale
was previously discussed in Chapter 1. With a multicolor detection system and integrated
extraction, which have both been previously demonstrated in several microdevices, the system

becomes capable of simultaneous identification of multiple body fluids, and is suitable for facile
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implementation in the laboratory or at the PON.3%37 Furthermore, on-board co-extraction of DNA
and RNA during the sample preparation process would provide a DNA lysate for further
purification, eliminating the need for the consumption of multiple swab cuttings for NA analysis.
Ultimately, a microfluidic system to provide automated, transcriptomic BFID would minimize
analyst intervention, streamline analysis, possibly increase sensitivity compared with
conventional methods, and require the sacrifice of fewer evidence cuttings to serological and
genetic identification. Development of systems capable of sample-to-answer BFID are already

underway.>®

5.3.2.2. Microbiome analysis. Human microbiome analysis, or the study of the host
microorganisms that colonize the human body and associated environments, has been of great
interest to the forensic community in recent years for its numerous potential applications.3°
Briefly, the identification and/or quantification of human microbiota has been described as having
utility for HID, BFID, post-mortem interval (PMI) estimation, time since deposition approximation
of forensically-relevant stains, and pinpointing geographic locations.*° Beyond application,
microbiome analysis could be of great use to investigative efforts given that NA sequences are
distinct from human sequences and thus, less prone to analyst contamination. Yet, currently
employed research methods make use of either sequencing or RT-PCR for detection, putting the
burden of work on the forensic laboratory and limiting integration into forensic practices. Beyond
this complication, the detection and analysis of microbial evidence for these purposes is restricted
to research-based investigation at this point, as there are currently no standard operating

procedures (SOP).*! A microfluidic approach to microbiome analysis for forensic purposes would
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increase the investigative bandwidth without greatly impacting analyst workloads. Practically,
both sequencing and RT-PCR have been thoroughly characterized for a number of different
applications, and their use here could both minimize analyst intervention and streamline data
analysis. The fact that SOPs have not yet been developed for this application is beneficial:

methods may be tested in parallel with interfacing systems to set the precedent for analysis.

5.3.2.3. Forensic DNA Phenotyping. The current approach to HID of unknown persons in
forensic case working laboratories is comparative in nature. That is, either resultant STR profiles
are compared to references generated from victim/suspect standards or they are entered into
databases like CODIS for identification. Unfortunately, this approach may not always lead to a
‘match’, leaving countless unidentified human remains and suspects unknown each year. In lieu
of comparison, forensic DNA phenotyping has emerged as a way of providing investigators with
phenotypic information to act as a biological witness and provide investigative leads.*? Research
efforts have resulted in robust prediction mechanisms to discern biogeographical ancestry and
human colorimetric traits (i.e., hair, skin, and eye color) from single-nucleotide polymorphisms
(SNPs).*® Likewise, prediction of human chronological age, and even dietary and lifestyle
information, may be derived from tracking epigenetic alterations.** Today, many of these tools
have been thoroughly validated and even commercialized for use by private and public entities
alike; however, the widespread use of these techniques has been limited in forensic practice
compared with STR typing. Microfluidic approaches to the determination of externally visible
characteristics (EVCs) may make these workflows more accessible to overburdened HID labs that

would otherwise be unable to increase their capacity via conventional instrumentation.
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5.4. Future Considerations.

The incorporation of microfluidic methods for NA analysis into the forensic HID toolbox
has been limited thus far. To-date, few research-based devices have been supported and
manufactured for commercial use, and sample-to-answer Rapid DNA systems are not universally
used for PON identifications. Explanations for this are complex, and vary among invested parties,
from the forensic laboratories themselves and the organizations they operate within, to law
makers and commercial entities. Furthermore, not all laboratories handle identical communities;
for example, forensic HID labs may be designated as public or private and serving vastly different
populations, dictating their oversight and corresponding restrictions in terms of Rapid DNA usage.
For those in smaller jurisdictions, countries with amenable regulations, or investigative offices
willing to forgo database comparison, the ability and incentive to utilize a microfluidic tool may
only be delayed as a result of the associated costs and/or the development of a clearly defined
set of use cases or decision factor analysis methods.? In the U.S., the implementation of the Rapid
DNA Act of 20174 can be viewed in two ways: (1) a vehicle for limiting the use of microfluidic
tools for HID to only process reference samples from buccal collections, or (2) a set of guiding
principles that engages the investigative community with the capabilities associated with current
microfluidic HID technology. These sentiments are not mutually exclusive, but the tone and
impressions set by each lab and commercial vendor may be based on their interpretation of this
Act and the commentaries that followed.*6:47:48:49

From the author’s perspective, it is clear that microfluidic systems for HID do not simply

incorporate miniaturized analytical processes that perfectly mimic existing strategies. Thus,
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sample-to-answer HID systems should be differentiated from benchtop programs in terms of use
cases, electrophoretic output, and ability to handle all sample types. Rapid DNA systems have
proven quite useful for buccal reference and arrestee samples and provided a mode for rapid
analysis at the PON that was sorely lacking from the marketplace prior to their inception. At the
crime scene, a number of trade-offs should be carefully evaluated for specific use cases,
specifically involving cost, practical implementation, or investigative time. Regarding the further
development and commercialization of microfluidic-based tools for forensic NA analysis, a focus
shift toward more innovative paths that further enrich investigative strategies is recommended.
Moving forward, as these tools become more refined through continued discovery and validation,
we urge those who have previously dismissed the technology to revisit the possibility that there
will be suitable use cases. Beyond those systems commercially available, the introduction of
rigorously tested, research-based investigative techniques (e.g. genetic BFID, phenotyping, etc.)
may be most easily integrated into case working laboratories in an automated, microfluidic

format.
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