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Abstract

Despite the development of innovative, state-of-the-art instrumentation based on
the constant expansion of our scientific knowledge base, there is a deficit regarding the
availability of field-deployable, low-cost, rapid, and sensitive apparatus for forensic and
clinical analyses. Diagnostic and confirmatory tests remain primarily restricted to
centralized laboratory settings and benchtop instrumentation, thereby creating strain on
resources, multistep, laborious, and time-consuming processes requiring considerable
operator input, and limited engagement with the communities dependent on the outcomes.
Regarding forensic analyses, specifically, the reliance on laboratories for the processing
and evaluation of items of potential evidentiary significance can result in delays that hinder
time-sensitive criminal investigations and impede the apprehension of perpetrators.

Microfluidic technologies provide an attractive solution to this unmet need by
virtue of their inherent advantages. These include the potential for portable, low-cost, rapid,
automated, and integrated systems which are operable at the point of need or at the scene
of a criminal investigation. This dissertation describes work towards the realization of
micro total analysis systems (LWTAs) for various applications.

The development of a microdevice for the identification of the biological sex of a
perpetrator via assessment of biomarkers derived from fingermark deposits at the scene of
a crime is detailed in Chapter 2. The research discussed in Chapter 3 pivots from the
forensic application of microfluidic technology to clinical utilization — the rapid SARS-
CoV-2 virus enrichment and RNA extraction for largescale diagnostic screening of clinical
samples are explored therein. Along this vein, Chapter 4 details the optimization of a

diagnostic protocol for the detection of SARS-CoV-2 using an ultra-rapid microfluidic



il
PCR instrument. Finally, this concept is expanded to explore the analysis of a bacterial
target in Chapter 5, where the diagnosis of whooping cough is adapted to the ultra-rapid
instrument via proof-of-concept experiments. Potential future directions, obstacles, and the

anticipated broader societal impact of these developments on the field are summarized in

the final chapter.
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1. Introduction

1.1. Overview - Microfluidic Technologies

According to Whitesides, the field of microfluidics is rooted in four antecedent
analytical domains — molecular analysis, biodefence, molecular biology, and
microelectronics.! Molecular analyses include gas-phase chromatography, high-pressure
liquid chromatography, and capillary electrophoresis.! The impetus from biodefence was
the unmet need for field-deployable microfluidic systems to detect chemical and biological
threats after the end of the cold war.! Another progenitor of microfluidics, molecular
biology, is the study of macromolecules and associated mechanisms in living organisms.
Microfluidic technology arose from this source as an implement with which the
requirement for techniques and tools for the analysis of individual microscopic specimens
under a continuous fluid flow could be addressed.? The additional advantages of this
application were the potential for parallel experiments with high sample density and
significantly increased throughput.?

Embedded pFluidic Channel:  Fluidic Valve (Switch): S,  “FluidicPump (Source): V; Finally, microelectronics provided
LAY

Elec. Inductor: L,

the framework for modern

UMech. Resonator:

Rmolm, G

microfluidics as it was anticipated
that the successful technologies

associated with photolithography,

namely microelectromechanical

Figure 1-1. Schematic of a single-chip microsystem comprised of systems (MEMS) and  silicon

microfluidics, micromechanics, and microelectronics with

equivalent circuit analogy. Fluidic, mechanical, and electrical mjcroelectronics, would be directly
domains are denoted by subscript £, m, and e, respectively. Adapted

from [4].



applicable.!* Figure 1-1 depicts the interconnected nature of these concepts described by
Li and Cheng.*

Microfluidic technologies entail the control and manipulation of fluid flows with
length scales less than a millimeter by employing a number of devices and methods.’ The
volumes of fluid being manipulated are exceedingly small, with processing in the range of
microliters to picolitres. Examples of such tools are micro-total analysis systems (LTAs),
organ-on-a-chip, and lab-on-a-chip (LOC; previously lab-on-a-CD) devices, which are
used for various applications. These include biomedicinal, food processing, environmental

sensing, forensic, biochemical, clinical, and
Drug

Single cell T Food pharmaceutical analyses,
studies technology

L3-1L12 A schematic

mmarizin typical  application f
Microarray DNA su g ypic ppiications 0
systems purification

Application of microfluidic technologies is shown in Figure

microfluidics

Medical 2
diagnostics fechnslegy Bloractor 1.2 13- Further, microfluidics is an
Tissue = interdisciplinary field due to its overlap with
engineering
Proteomics  Chemical microtechnology, optics, biotechnology,

materials science, physics, engineering,
Figure 1-2. Common applications of microfluidic . L. . 6
technology. Adapted from [13]. micromachining, and chemistry.

This multifaceted array of applications facilitated by microfluidic technology is
supported by the inherent advantages of its “toolbox”. These advantages include faster
response or “sample-to-answer” times, decreased consumption of sample and reagents,
lower operational costs, mitigation, or elimination of cross-contamination by decreasing

steps requiring operator input, high analytical throughput, enhanced sensitivity, facile

parallelization through multiplexing, potential system integration, reduced energy



consumption, rapid prototyping, portability, and facile fabrication and mass
production.68%14-18

Despite the numerous advantages introduced by the miniaturization of conventional
analytical techniques, the dominant testing model is the centralized laboratory.!” The
associated traditional strategies often require benchtop instrumentation, specialized
operator training, labor-intensive and arduous tasks, and longer turnover times.!*?° This
was distinctly evident in the initial stages of the novel Betacoronavirus severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) global pandemic, where screening and
diagnostic testing were severely stymied by the associated overwhelming burden on
resources and clinical practitioners.?!??

Although this deficit was highlighted in a clinical setting, a survey of the literature
indicates that there is also a considerable requirement for rapid, accurate, and portable
devices for use on location in forensic investigation.!>1823-25 These apparently disparate
fields possess a single unifying factor — there is an unmet need for field-deployable,
sensitive, accurate and robust technology for rapid testing in non-centralized laboratory

settings. Viewed through this lens, Chapters 2-5 detail the development and optimization

of technologies that serve to alleviate this need.

1.2. Principles of Microfluidics

1.2.1. Overview of Fluid Dynamics
The most critical factor at the core of microfluidics is the variation in fluid behavior
at the microscale vs. the macroscale. Bruus defines a fluid as a liquid or a gas which

deforms easily and continuously when external forces are applied.?® On the macroscopic



scale, fluid approximates continuity and exhibits turbulent flow; this refers to unexpected
movements and chaotic mixing between fluid streams due to dominant inertial forces.!-?6-
28.29 At this magnitude, there is convective mixing — that is, mixing occurs as a combination
of all fluid flows.?® A practical example of this type of mixing is the blending of milk into

128 At the microscale, however, there is no convective

tea or coffee or rivers flowing.
mixing of fluids as volume forces associated with the macroscale are supplanted by surface

phenomena such as capillary forces.

Consequently, liquid flow is passive; when two fluid flows converge on the

microscale, parallel flow

A Laminar Flow B Turbulent Flow

results, and mixing is w
U [

facilitated by the diffusion \C_Lf'/c?-

of molecules across the N N

fluid interface. This ‘

phenomenon is referred to ~ ~

as laminar flow.!2730At

Figure 1-3. Interface characteristics of the liquid flow in microfluidic
. ) ) ) channels. (A) depicts laminar flow. At this magnitude, the interface between
this magnitude, viscosity adjacent microfluidic flow is defined and distinct. (B) shows turbulent flow,
where the interface between fluid flows is less discernable.
replaces inertia as the
dominant force. The extent to which inertial vs. viscous forces influence the flow of fluids
is represented by a dimensionless parameter known as Reynold’s number.!-?731-32 Figure
1-3 illustrates the characteristic differences between laminar and turbulent flow at fluid
interfaces.>°

Reynold’s number (Re) is calculated using the following equation:

_pvl
u

Re



where p is the density, v is velocity, u is the viscosity coefficient, and / is the channel
diameter.’%-323 The transition between laminar and turbulent flow occurs when Re is
approximately 2000, with turbulent flow occurring when Re is >2000 while laminar flow
is dominant at Re values <2000.3%34

These phenomena provide the basis for the creation of microfluidic platforms,
defined by Mark et al. as an easily combinable set of microfluidic unit operations that allow
for miniaturization and well-defined fabrication.?” The following section briefly describes

these unit operations.

1.1.1 Unit Operations and Microfluidic Platforms

Unit operations comprise the basic fluidic functionalities of a microfluidic
platform.?’-*3 An extensive but not exhaustive list of unit operations includes sample and
reagent supply, pre-storage, release, aliquoting, mixing switching, metering, separation or
concentration of molecules, valving, routing, and liquid transport.?’> To maximize
efficiency, microfluidic platforms should ideally provide an adequate number of unit
operations for facile combination and implementation. Combined, unit chains enable
experimental workflows or serve as the foundation for assay integration. In tandem, a
fusion of unit operations is referred to as a process chain.*> A pertinent example of a process
chain is the enrichment, extraction, and amplification of viral RNA, as detailed in Chapter

3.



I Major microfluidic platforms]

I l l I

I Capillary ] I Pressure driven I I Centrifugal ] I Electrokinetic I I Acoustic ]
- Lateral flow tests - Linear actuated devices - Centrifugal microfluidics - Electrokinetics - Surface acoustic waves
- Pressure driven laminar flow - Electrowetting

- Microfluidic large scale integration
- Segmented flow microfluidics

- Dedicated systems for massively
parallel analysis

Figure 1-4. Classification of microfluidic platforms according to the characteristic principles of liquid propulsion.
Reproduced from [27] with permission from the Royal Society of Chemistry.

According to Mark et al., microfluidic platforms can be assigned to one of five
groups (Figure 1-4) — capillary, pressure-driven, electrokinetic, acoustic, and centrifugal.?’
These will be briefly reviewed below for the purpose of comprehensive discussion. Still,

centrifugal platforms were utilized in this work and will be more explicitly detailed.

Capillary Microfluidics

Devices of this type rely on capillary action to manipulate liquids and allow for the
movement of fluids in microchannels without requiring external pumping apparatus.>®37
The movement of liquid in such platforms is governed by the wettability or wetting
properties of the porous or microstructured substrate which comprises the capillary. Liquid
flow into the capillaries is passive as the surface tension overcomes the effect of gravity
and the liquid’s viscosity. Recently, capillary microfluidics is most often associated with
paper-based devices, which present low-cost options for assays and can be quickly

prototyped.?”-*¢37 In most cases, all required reagents are stored within the device, and the

readout is optical and colorimetric. These are commonly referred to as “lateral flow tests”,
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Figure 1-5. Schematic illustration of a lateral flow assay. (A) The image at the top details the deposition of the analyte
on the sample pad and its migration towards a conjugate. The middle image illustrates the binding of the target analyte
and its migration to the test line. The most vertical image shows the binding and capture of that target analyte. (B) An

exemplary pregnancy test (One Step hCG Urine Test) potential results and their interpretation are shown. Reprinted
from [38].

and the most widely known example of this technology is the pregnancy test strip (Figure

1-5, reprinted from Koczula and Gallota®®).

Pressure-Driven Microfluidics
These platforms are characterized by mechanisms of liquid transport based on
pressure gradients.?’ The unit operation governing this platform is interfacing two or more

fluid streams at the junction of a microfluidic channel.

Electrokinetic Microfluidics
In this case, differently charged particles can be controlled and propelled into
motion by applying an external electric field. The induced flow is commonly termed

electroosmotic flow. Electroosmosis can be used for bulk transport of liquids or separating



particles and molecules within it.?”-%

Acoustic Microfluidics

Acoustic microfluidics leverages surface acoustic wave (SAW) technologies to
manipulate the movement of fluids and particles. According to Zhang et al., acoustic waves
are the vibrations that travel as disturbances in matter.*? Specifically, surface acoustic
waves propagate along an elastic material’s surface and use droplets residing on a
hydrophobic surface in a gaseous environment to transport fluids.?’#%#! Figure 1-6 shows
an illustration of this phenomenon. (Reproduced from Mark et al. 27 with the permission of

the Royal Society of Chemistry.

Surfa(‘:_? Shock Induced Recirculation D let

acoustic wave streaming e

ey movement
Surface

Figure 1-6. The mechanism of a surface acoustic wave (SAW). A stream is induced by the shock waves on the solid-
liquid interface resulting in the movement of the droplet. Reproduced from [27] with the permission of the Royal Society
of Chemistry.

Centrifugal Microfluidics
Centrifugal microfluidics leverage physical forces to facilitate unit operations.?®
Fluidic behaviors are controlled by the rotational speed, channel geometry, radial location

of fluid reservoirs, and sample properties such as density and viscosity.*>* This



characteristic method of liquid propulsion is advantageous as it removes the requirement
for external pumps while creating a closed fluidic system.*

Summarily, according to Ducrée et al., fluid on a planar substrate with a mass
density protating at a distance » from a central axis at an angular velocity @ experiences a

centrifugal force (density),

fo= pro’

an Euler force (density)
dw
fe=pror

scaling with the rotational acceleration daw/dr and the Coriolis force (density)
fc=2pwv
scaling with the fluid velocity v in the plane of the substrate, as described in Figure 1-7.

(Adapted from Madadelahi et al. with permission from the Royal Society of Chemistry.**

+ m——u =« = AXis of rotation

Figure 1-7. Schematic illustrating a centrifugal microfluidic device. The primary influential forces arising from
rotation are highlighted. Adapted from [44] with permission from the Royal Society of Chemistry.
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2500RPM MAX

Figure 1-8. Custom-built spin systems. (A) Spin system capable of bidirectional rotations with a maximum frequency
0f 2500 rpm. (B) Unidirectional spin system capable of rotation frequencies of up to 9000 rpm.

In centrifugal microfluidic systems, these three forces may be directly controlled
by the frequency of rotation. This platform is highlighted in the work described in this
dissertation; the development and application of a “lab-on-a-disc” device are detailed in
Chapter 2, while the transferal of fluid in the microfluidic cartridges used in Chapters 3
to 5 is facilitated via centrifugal rotations. Figures 1-8A and B illustrate centrifugal spin
systems used in the projects described in the subsequent chapters. Unit operations
facilitated by this platform include batch-mode mixing via rapid bidirectional rotations of
the spin system and routing whereby specific, discrete volumes were transferred. At the
same time, the excess was discarded or retained in the initial chamber as waste.*

Centrifugal devices used in the projects discussed were manufactured using the
“Print-Cut-Laminate” method pioneered in the Landers lab or via injection molding of

polymeric material.*¢
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1.3. Onsite Application of Microfluidic Technologies

To preface the projects described in this dissertation, it is necessary to briefly
provide an overview of the research problems being addressed along with the associated
challenges. Consequently, foundational information regarding the application of
microfluidic technologies to forensic and clinical analyses will be detailed in the following
sections. The information outlining the forensic applications lays the groundwork for
further discussion of the novel adaptation of the Sakaguchi reaction for arginine to a
microfluidic platform for the identification of biological sex, as detailed in Chapter 2.
Subsequently, the basic requirements for point-of-need microfluidic technologies will

support further discussion of the unique applications described in Chapters 3, 4, and 5.

1.3.1. Microfluidics for Forensic Applications

In any criminal investigation, the priority for forensic analysts and law enforcement
officials is the efficient, accurate, and thorough evaluation of items of evidentiary value to
minimize the time elapsed between the commission of a crime and apprehension of a
perpetrator. Consequently, onsite forensic investigations would minimize delays
encountered when evidence must be located, processed, and dispatched to centralized
forensic laboratories for analysis. Such analyses would also reduce the likelihood that
perpetrators could depart a crime scene or destroy evidence.?>47~4

Further, evidence is often present in trace amounts. As such, it is critical to
maximize the information gleaned from these items, as there is little room for error or

potential sample loss. The inherent characteristics of microfluidic platforms thus make

them suitable for application to forensic investigations. Such benefits include rapid testing,
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portability, the ability to analyze trace
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Figure 1-9. pPAD developed to analyze drugs of abuse ﬁngermark depOSItS' An example

at a crime scene. Top — Blank Sample; Bottom-a positive

result for morphine. Each lane of the device is labeled with  of simple microfluidic platforms for onsite
the name and color at which each analyte should appear.

Lane 1: ephedrine (Eph), methamphetamine (MA) and . .
MDMA; Lane 2: cocaine (Coc), codeine (Cod), ketamine analyses, the micro paper-based analytlcal
(Ket) and thebaine (The); Lane 3: codeine (Cod),
methamphetamine (MA), MDMA and morphine (Morp);
Lane 4: ketamine (Ket) and morphine (Morp); Lane 5
amphetamine (Amp); Lane 6 morphine (Morp) and

MDMA. Recently, the evidence most

devices (WPADs), is shown in Figure 1-9.

commonly sought at a crime scene is trace amounts of nucleic acids (deoxyribonucleic
acids, DNA, and ribonucleic acids, RNA). To analyze evidence of this type after collection,
the “sample” workup usually consists of three steps: cell lysis, DNA extraction, and DNA
purification. Briefly, cell lysis may be thermal, chemical, electrochemical, mechanical, or
optically induced.?>!'® The details of these steps are outside the focus of this work and will

not be discussed in detail. DNA extraction and purification, however, are more pertinent
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to the research described here, though not addressed in a forensic capacity. The application
of these concepts to clinical applications will be discussed in the following section.

DNA extraction is commonly achieved via solid phase extraction (SPE), binding to
magnetic beads, and differential extraction, among other techniques.?> Microfluidic
applications to address these workflows have been explored and discussed by previous
research conducted in the Landers Lab.>*7 As quantities of nucleic acid obtained at crime
scenes are usually low as a cell only contains approximately six pg of DNA,>® amplification
is required to ascertain identifying information from this evidence. While multiple methods
have been used for this process, the most common is polymerase chain reaction (PCR)
which will be briefly outlined here. Other popular techniques include loop-mediated

amplification (LAMP) and multiple displacement amplification (MDA).

Polymerase Chain Reaction (PCR)

PCR is a technique by which DNA is amplified exponentially from only a minimal
amount of starting material and has been extensively discussed in the literature.* Briefly,
it consists of three main steps, which comprise an amplification cycle — denaturation,
annealing, and extension. These steps are summarized in Figure 1-10.%°

Denaturation refers to the process by which double-stranded DNA is “melted” into
single strands or secondary structure in single-stranded DNA is loosened via high-
temperature incubation. This denaturation usually occurs at 95 °C.®! Complementary

sequences then hybridize into single strands during the annealing step at 60 — 65 °C.
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Figure 1-10. Three steps of PCR. These steps are denaturation, annealing, and extension. Exponential amplification
of target DNA occurs with repeated cycling. Adapted from [60].

Finally, extension or elongation to synthesize new DNA strands occurs. Typically,
30 — 40 cycles are required for amplification.’®! In recent years, several research studies
have focused on achieving the fastest on-chip amplification with no loss of sensitivity or
specificity.?® Similar efforts are described in Chapters 3 — 5.

Though DNA evidence is a preeminent source of evidence in forensic
investigations, fingerprint analysis remains an indispensable tool in identifying
perpetrators. It has been reported that fingerprints outperform DNA analysis technologies
and similar systems of identification in discerning offenders.®? In most cases, however,
fingerprint analyses entail biometric analysis of the physical pattern and require matches
within a database or with an apprehended suspect.®* Consequently, fingerprints may be
used only as exclusionary evidence. Recently, there has been an increase in research into
the biological content of deposited fingerprints - termed “fingermark deposits”.6+% Tt is

theorized that these deposits could eventually be utilized as body fluid evidence
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comparable to blood, saliva, or urine. Accordingly, the adaptation of a colorimetric test to

a microfluidic platform for the analysis of fingermark deposits is described in Chapter 2.

1.3.2. Microfluidics for Clinical Applications

The clinical applications of microfluidic technology for onsite use are often referred
to as “point-of-care” (POC) or “point-of-need” (PON) technologies. In addition to
presenting alternatives to expensive instrumentation and centralized laboratory processing,
these platforms are expected to be affordable, portable, rapid, user-friendly, and amenable
to integration.®®-®8 Such technologies play a significant role in monitoring and maintaining
public health. For example, it was reported that HIV (Human Immunodeficiency Virus)
patients tested with a POC device received treatment 130 days faster than those diagnosed
using a traditional, centralized lab.%*7° Sensitivity, accuracy, and speed are critical concerns
as these must be maintained for POC devices despite microscale volumes and minimal
amounts of analyte. Typical targets for such analyses include metabolites, drugs, human
cells, microbes, proteins, and dissolved ions and gases, and sample types are usually blood,
saliva, urine, or other comparable body fluids.”!

The need for such technologies was starkly highlighted during the COVID-19
global pandemic when resources and clinicians quickly became overwhelmed by the
burden of mitigating community spread and providing treatment for infected individuals.”
Still, before the pandemic, the need for such devices in low-resource or remote
communities existed in the public consciousness. This prompted the World Health
Organization (WHO) to explicitly outline the characteristics of an ideal diagnostic test that

could be used in the developing world; such tests are ideally to be ASSURED — Affordable
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by those at risk of infection, Sensitive, Specific, User-friendly, Rapid, Equipment-free (no
significant consumption of power required for operation) and Delivered to those who need
{1673

Although there are several microfluidic platforms for clinical POC analyses, PCR
is the “gold standard” for molecular diagnostics of this type and usually targets nucleic
acids.” However, Nucleic Acid Amplification Tests (NAATS), commonly used to describe
molecular diagnostics, may also utilize isothermal amplification methods. While PCR uses
multiple temperatures to achieve amplification, as described above, isothermal
amplification relies on a single temperature which can usually be relatively low, and
specific enzymes which denature DNA in preparation for amplification.!® An exemplary
isothermal technique is loop-mediated amplification (LAMP) which does not require heat
for the denaturation of double-stranded DNA.7+7> Lateral flow assays (LFAs) are also used
for POC diagnostics and have the advantage of completely satisfying the ASSURED
requirements.”> However, several limitations are associated with this platform, including
low sensitivity, lot-to-lot variability, and the acquisition of only qualitative or semi-
quantitative results.!®76.77

NAATS are usually amenable to automation and integration, sensitive, specific, and
straightforward. However, a significant drawback of using gold standard PCR techniques
for NAATS is the requirement for complex and bulky thermal cycling equipment, longer
turnaround times, and higher power consumption.!® Chapters 3, 4, and 5 thus detail the
optimization of assays and instrumentation, which directly address this issue. Sensitivity
and specificity of the assay for largescale diagnostics are enhanced by using nanoparticles

for the enrichment of nucleic acids (Chapter 3)’8, while a portable, comparatively
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lightweight instrument that does not require consumption of large amounts of power for
rapid PCR amplification analyses’ is primarily described in Chapters 4 and 5.

Another consideration when designing POC assays is sample type; how clinical
samples are obtained can significantly impact assay sensitivity and directly influence the
likelihood of procuring accurate results. The amenability of applying such methods to
infected persons is also reliant on patient comfort and ease of use. At the beginning of the
COVID-19 global pandemic, nasopharyngeal and oropharyngeal swabbing were used to
obtain clinical samples for diagnoses. However, the requirement for a trained technician or
clinician for swabbing, the discomfort and pain experienced by the patient when these
methods were used, and a resultant swab shortage initiated research into the analysis of
additional sample types.?!:¢7-80 Nasal swabs, which are less painful and well-suited to
patient self-testing, were introduced as an alternative sampling method. Additionally,
saliva-based assays were explored as these possess inherent advantages such as ease of use,
painless and non-invasive sample collection, and comparable diagnostic performance.?!-%4
The variations in sample types and disparate reported data regarding sensitivity and

viability of multiple sampling methods motivated the investigation and comparison of

diverse clinical sample types as described in Chapter 3.

1.4. Research Goals and Concluding Remarks

This dissertation focuses on the development and adaptation of workflows to
microfluidic platforms. Specifically, a prominent theme discussed in the following chapters
is the optimization of clinical assays to achieve ultra-rapid, accurate, and portable methods

of detection or diagnosis. Chapter 3 describes the optimization of a diagnostic process;
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however, unlike Chapters 4 and 5, the focus is on maximizing resources for large-scale
diagnostics with an eye toward field deployment rather than reducing the runtime of assays
while maintaining or improving diagnostic efficiency.

Chapter 2 deviates from the theme of clinical applications — this chapter details
the development of a microfluidic device for identifying biological sex from biomarkers
contained in a fingermarks deposit matrix. Still, the eventual goal is integration and onsite
use when this technology has matured.

Finally, Chapter 6 outlines the steps required to complete the validation of these
projects and toward eventual integration and expansion of the themes discussed. Analyzed
comprehensively, the overarching theme of this work is exploring and evaluating solutions

to address the requirement for field forward technologies for these applications.
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2. The Application of Microfluidic Technologies to the Identification of
Biological Sex by Analysis of Latent Fingermark Deposits

2.1.Introduction

Fingerprint analysis is an indispensable tool used in forensic and criminal
investigations. Despite the emergence of state-of-the-art DNA analysis technologies, it was
reported that fingerprints outperform these and other comparable identification systems in
the discernment of dangerous offenders.! Another pertinent example of the indispensability
of these analyses is the discovery that identical twins have discernible fingerprints despite
possessing indistinguishable DNA genetic profiles.> Such a distinction supports the
premise that fingerprints serve as an invaluable investigative tool. Although the biometric
analysis of the physical fingerprint pattern is quite prevalent, there has been significantly
less research regarding the potential use of fingerprints as biological samples compared to
other body fluids such as blood or saliva. Development in fingerprint analysis has primarily
been confined to visual or digital comparison and matching of prints for approximately the
past 110 years. Conversely, research regarding the viability of fingermarks as biological
samples has only become prevalent in the last decade.®*

When considering the use of fingerprints in this capacity, it is essential to note the
distinction between the common term “fingerprint” and a term often used in the forensic
community in such cases, “fingermark”. Fingerprints refer to the unique, physical pattern
emplaced following contact between the finger’s papillary skin and another surface.
Fingermarks are the “biological material transferred from the surface of the skin to another

surface on contact”.>® Latent fingermarks and fingerprints refer to those which are poorly
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visible or undetectable to the unaided eye but can be developed for analysis. This inherent
difference can serve to address the deficiencies of current fingerprint analysis techniques.’

Latent fingermarks are primarily comprised of sweat secretions from the sebaceous
and eccrine glands and incorporate many metabolites from hormone-regulated metabolic
mechanisms.? These metabolites can then be regarded as biomarkers or indicators of other
physical and physiological properties such as age, ethnicity, health status, and biological
sex.>8

Traditionally, fingermark development has primarily been achieved using colored
dyes or stains. The methods implemented typically require chemical development in a
laboratory and are not used at a crime scene.” The treatment employed is usually dependent
on the deposition surface. For porous samples like paper or cardboard, liquid chemical
treatments such as 1,2-diazafluoren-9-one (DFO) development and the well-known
ninhydrin are most often used.”!° The ninhydrin method has been used in federal, city, and
state crime laboratories for almost 50 years. However, an inherent drawback of this reaction
is that the end-product, diketohydrindylidene-diketohydrindamine (DYDA) or
Ruhemann’s purple, may also be developed from other a-NH2 compounds such as
ammonium salts. This cross-reactivity gives rise to the potential for interference.!® In cases
where fingermarks are deposited on smooth, non-porous surfaces, development is often
achieved using cyanoacrylate (commonly known as superglue) vapor or vacuum-metal
deposition.” These chemical techniques discern the latent fingermark but do not provide
detailed biological information about its content.

To date, most studies in this area of fingermark analysis have been conducted using

spectrophotometric methods.>> One such example is the successful development of
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chemical and enzymatic assays targeting amino acids present in fingermarks for use as
biomarkers by Brunelle et al.>*1%!! Specifically, determination of the biological sex of the
fingermark originator has been identified as a means of linking a specific analyte to one
originator attribute. This differentiator was intended to serve as a basis for the eventual
expansion of the protocol to include the identification of multiple characteristics via
individual markers or analytes* In this study, detection was achieved
spectrophotometrically using UV—vis analysis. While there are many advantages inherent
to spectrophotometric analysis regarding precision and sophistication, colorimeters are
comparatively less expensive and can be more compact, mobile, and simple to operate.!?
As such, a rapid, inexpensive, simple, and portable device of this type for analysis of the
biological contents of fingermarks would be beneficial for use at crime scenes.*

It is useful to note that although males are statistically more likely to be involved
in criminal activities than women, research has persisted in this area for multiple reasons.'?
Firstly, it is believed that analysis of fingermark content can be instrumental in cases where
there is no reference fingerprint in a database to which a crime scene fingerprint could be
compared for individualization.'* Additionally, analysis of deposits could provide
biological information about the perpetrator in cases where there is distortion or
deterioration of fingermarks.!*

Chemical and enzymatic assays conducted in previous experiments have shown
that females have an overall higher concentration of amino acids in their sweat than
males.>*!5 In most cases, the concentrations of amino acids in the fingermarks of female
origin are approximately twofold those obtained from males. As such, amino acid

concentration in fingermark material can indicate the biological sex of the source.



Table 2-1. Average free amino acid
concentration (uM) values for females and
males derived from sweat. Adapted from Harker
& Harding, 2013."° Eccrine sweat from 12 healthy
volunteers was evaluated wusing ninhydrin
derivatization followed by HPLC.

Amino Acid Concentration (uM)

Females Males A Conc.

Alanine 387.0 196.8 190.2
Arginine 94.8 54.0 40.8
Asparagine 38.0 16.1 21.9
Aspartic acid 119.6 63.8 55.8
Citrulline 196.7  126.7 70.0
Cysteine 1.2 0.9 0.3

Glutamine 17.8 12.0 5.8

Glutamic acid 1780 1109 67.1

Glycine 646.3 341.8 304.5
Histidine 179.0 80.4 98.6
Isoleucine 494 22.9 26.5
Leucine 62.5 324 30.1

Lysine 528 285 24.3
Methionine 85 34 5.1

Ornithine 136.1 68.4 67.7
Phenylalanine 37.8 17.2 20.6
Proline 72.8 349 379
Serine 984.0 520.8 463.2
Threonine 209.0 11241 96.9
Tryptophan 15.1 741 8.0

Tyrosine 55.9 30.3 25.6
Valine 91.9 45.9 46.0
B-alanine 12.8 34 9.4

34

While enzymatic assays present certain
advantages such as specificity and sensitivity,
there are also disadvantages inherent to using such
methods. Enzymes are less stable than many
chemical components and can have a limited shelf-
life. Thus, carefully controlled storage conditions
and more frequent replacements are required.
Consequently, a specific and sensitive chemical
assay is more widely applicable for detecting
amino acids in fingermark content. One such
chemical assay is the Sakaguchi Test for the
detection of arginine.!® In this test, arginine,

sodium hypobromite, and a-naphthol react under

alkaline conditions to produce a red-brown complex.*!® The intensity of the color is

directly indicative of the concentration of arginine present in the sample.

This test is applicable in determining biological sex from fingermarks as the

average concentrations of arginine in males’ and females’ sweat differ significantly. Males

have an average concentration of 54.0 £ 12.61 uM (SEM). In contrast, in females, the

average concentration in sweat is 94.8 £ 12.86 uM (SEM), as shown in Table 2-1. Herein,

SEM refers to the standard error of the mean and is indicative of the dispersion of sample

means around the population mean, thereby accounting for sample size.!” In addition to

having a satisfactory delta between male and female concentrations, arginine was selected

as the basis of differentiation as there is a unique, specific, colorimetric test to determine



35

its presence. This characteristic interaction with 1-naphthol under the appropriate
conditions is due to the guanidium moiety, highlighted in Figure 2-1. A definitive
colorimetric result also allows for the analysis of results using open-source image analysis
software, namely, the Fiji (Fiji Is Just ImageJ) distribution of ImagelJ.'®! This protocol
presents a lower-cost alternative to detection by UV-vis spectrophotometry. It is
advantageous as the only requirements are the software (freeware) and a standard digital
scanner. In concert with the scanner, the proposed microdevice measures the arginine
content in fingermarks using non-enzymatic assays, thereby quickly and objectively
determining unknown individuals’ biological sex. We note that (to our knowledge) this is
the first microfluidic device capable of facilitating objective, cost-effective analysis of
fingermark deposits via optimization of the Sakaguchi reaction. Additionally, this
technology can be further adapted to allow for an integrated, automated, and portable

analysis system.
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Figure 2-1. Overview of the Sakaguchi reaction. The guanidinium group in arginine which enables colorimetric
detection s highlighted. This mechanism was created using ChemDraw, a registered trademark of Perkin Elmer
Informatics.
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2.2 Materials and Methods

2.2.1 Image Analysis

All images were analyzed using FIJI software. Following color development in
each case, the detection domains were scanned using an Epson Perfection® V600 Photo
Scanner (Epson America, Inc., Plainfield, IN, USA) and saved as TIFF files for image
processing and analysis. Target segments were further isolated using the color thresholding
feature of Fiji.!>?° The images were first analyzed using the RGB (red, green, blue) color
space, and results were generated in standard units in the 0 — 255 range. Images were then
converted using the software’s red to magenta conversion plugin and retested using the
RGB color space. This step was followed by a conversion from the RGB to the HSB (hue,
saturation, brightness) color space to analyze saturation. Results generated for saturation

were reported as a percentage (0 —100%).

2.2.2 Proof of Concept—Sakaguchi Reaction and Modified Detection Method
Standard solutions with concentrations of 20, 40, 60, 80, 100, and 120 uM of L-
arginine (Fisher Scientific, Hampton NH, USA) were prepared by dissolution in Millipore
water. Stock solutions of 1.25 M and 2.50 M sodium hydroxide (Sigma-Aldrich, St. Louis,
MO, USA) and 1.5 mM a-naphthol (Alfa Aesar, Haverhill, MA, USA) in 95% ethanol
(v/v) (Sigma-Aldrich, St. Louis, MO, USA) were prepared. Additionally, a stock solution
of sodium hypobromite was made by combining 32 pL of bromine (99+%, Acros Organics,
Morris, NJ, USA) and 1.25 M sodium hydroxide to achieve a total volume of 5 mL. For
each standard, 150 pL was added to a 1.5 mL centrifuge tube (USA Scientific, Inc., Ocala,

FL, USA). This was followed by the addition of 30 uL each of 2.5 M sodium hydroxide
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and 1.5 mM a-naphthol solutions as outlined by Huynh et al.> There was a standard
addition of 3.0 pL of 2.5 mM L-arginine to each reaction to facilitate measurable color
development. The reactants in each tube were mixed using a vortex mixer (Vornado™
Miniature Vortexer, Benchmark Scientific, Sayreville, NJ, USA) and incubated at 4 °C for
5 min. Following incubation, 5 uL of sodium hypobromite was added to the centrifuge
tube, the reaction mixture was vortexed, and the tubes were scanned before image analysis

was performed.

2.2.3. Device Fabrication

The device was created using the Print, Cut, and Laminate (PCL) fabrication
method previously developed by the Landers’ lab.?! The microfluidic device was first
designed using Autodesk® AutoCAD® software, and the file was transferred to VersalLA-
SER®VL3.50 software for the ablation of the design by the laser cutting instrument. Six
layers comprised of black and transparent polyethylene (PET) (No Stripe Copier/Laser
Transparency Film, Film Source Inc. (Tokyo Film Service Co. Ltd., Tokyo, Japan), heat-
sealing adhesive (HSA) (Adhesives Research, Glen Rock, PA, USA), and
polymethylmethacrylate (PMMA) (McMaster Carr, Santa Fe Springs, CA, USA). After
programmed cutting of the layers, any extraneous obstructions remaining in the vents,
channels, and inlets were removed using tweezers. The layers were combined using a
custom alignment tool and laminated at 180 °C by passing the aligned structure through an
office laminator (Akiles UltraLam 250 B). Several iterations of the microdevice were

created using the same methodology before the optimal architecture was determined.
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2.2.4. Fingermark Deposition and Arginine Extraction - Pilot Tests

Fingermark deposits were collected from volunteers who were assigned a reference
code to protect their identities. Still, the biological sexes of the donors were known by the
primary researcher to confirm proof of concept. Volunteers were asked to individually
place their fingertips onto a designated area on PET transparency film (No Stripe
Copier/Laser Transparency Film, Film Source Inc.) and directed to maintain contact for
approximately 5 s. Fingermark deposits at this stage were “natural” as there were no
specific preparatory instructions given to volunteers before the placement of deposits. The
relevant segment of the transparency was then removed and placed in a 35 x 10 mm sterile
polystyrene Petri dish (Falcon® Disposable Petri Dishes, Corning, NY, USA) and stored
at ambient temperatures (~24 °C) for > 24 h.

After storage, 120 pL of 0.01 M HCI (Fisher Scientific, Waltham, MA, USA) stock
solution was placed directly onto the fingermark. The cover was replaced, and the dish was
heated at 40 °C for 20 min using a hotplate/stirrer (VWR 4x4 Ceramic Hotplate/Stirrer 120
V). The sample solution was then transferred to the microfluidic device by pipetting 100
pL of this liquid from the transparency film surface. The Sakaguchi reaction was then
initiated using 22 pL each of 2.5 M sodium hydroxide and 1.5 mM a-naphthol.>!® There
was a standard addition of 3.0 pL of 2.5 mM L-arginine to each reaction to facilitate
measurable color development. The contents of the mixing chamber were mixed using a
custom-built stepper spin system (Sanyo Denki SANMOTION Stepper Motor, Parallax
Propeller microcontroller) for 30 cycles at 1500 rpm. Mixing was facilitated by quick,
repeated lateral rotations of the disc clockwise and anticlockwise enabled by the motor.

The reaction mixture (on disc) was then incubated at 4 °C for 5 min. Following incubation,
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the laser valve was breached via laser actuation using a Power and Time Adjustable Manual
Laser (PTAML) (Thorlabs) (500 mW, 0.5 s). To initiate color development, sodium
hypobromite (4 pL) was added to the microfluidic device’s detection window. The device
was then rotated using a custom spin system (E-flite Park 450 Spin System, Parallax
Propeller microcontroller) at 2750 rpm for 15 s to allow for the metered transferal of 140
pL to the detection domain and mixing with sodium hypobromite. The detection window

was then scanned, and the images were analyzed.

2.2.5. Lifted Deposits

The substrates chosen for deposition of fingermarks were a standard laminate
benchtop and a stainless-steel light switch. The intended location of deposition was first
sanitized using a 10% bleach solution. The area was then wiped with 90% ethanol and
allowed to dry naturally. Donors deposited fingermarks on the relevant substrate, and a
section of PET transparency film (~9 cm?) was placed directly onto the deposits, with care
taken to avoid sliding or smudging. As with the pilot tests, donors had no preparatory
instructions before the fingermarks’ deposition. When the PET film was securely in place,
the pressure was carefully applied back and forth on the film’s upper surface for 5 — 7 s to
allow for the transferal of deposits. The PET film was carefully lifted from the surface
using precision tweezers, inverted, and placed in a 35 mm borosilicate Petri dish. This Petri
dish was stored at ambient temperature for > 24 h before arginine extraction. Samples from

matching donors were deposited directly onto PET film and used as controls.
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2.2.6. Magnetically Powdered Deposits

Fingermarks deposited onto PET film were dusted using magnetic, bichromatic
fingermark powder (Lynn Peavey Company, Lenexa, KS, USA). The excess powder was
removed using a magnetic brush, and the samples were stored for > 24 h at ambient
temperature before arginine extraction. Following acid hydrolysis, the hydrolysate was
transferred from the surface of the deposit to a centrifuge tube. A strong magnet was placed
under the tube to promote the sedimentation of residual magnetic particles. A volume of
100 pL of the hydrolysate was then transferred to the microdevice to undergo the
Sakaguchi reaction. Image and data analysis were subsequently executed. Duplicate

samples from donors were deposited directly onto PET film and used as controls.

2.2.7. Blind Study

Volunteers were solicited from within the research group for the acquisition of
fingermark deposits. There was no assigned ratio of biological sexes or prescribed age
range. Volunteers were first asked to thoroughly wash their hands using a generic
antibacterial soap, which was provided. Volunteers were then asked to place their hands in
standard nitrile, unpowdered gloves. A designated colleague was present to ensure that
there was no contact with extraneous surfaces such as stationary, taps, and gloves’ outer
surfaces. Subjects then placed their fingers firmly in designated slots on PET for 5 s each.
The participants’ biological sexes were withheld from the researcher conducting

experiments until presumptive IDs of sample donors had been established.



2.3. Results and Discussion

2.3.1. Color Space Selection
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Experiments were initially conducted in-tube to determine the feasibility of using

the Epson V600 as the detector. Digital images

obtained from the Epson V600 were

analyzed using the FIJT image processing package.'®!” The images were first examined

based on the average “red value” of the RGB color space for each set of standards. It was
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Figure 2-2. Results obtained from initial image analysis using
the average red value as the metric. This metric was found to be
non-ideal for this purpose given the poor correlation observed
between arginine concentration and average red value (n = 5).
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Figure 2-3. Results obtained from the initial image analysis
using saturation as the metric. Although there was
improvement in correlation of this value with arginine
concentration, it was determined to be unsatisfactory. Images
were tinted prior to saturation measurements thereafter to address
this issue (n = 5).

presumed that since the resultant
complex of the Sakaguchi reaction
was red, the average red value from
RGB would be proportional to the
arginine concentration. Figure 2-2.
depicts the poor linearity observed
when increasing average red value
was  correlated to  increasing
concentration. This outcome
suggested the potential for correlation
but disqualified the independent use of
this parameter as a viable indicator.
As such, the data set was
analyzed using the saturation
parameter of the HSB color space.

Following this change, a slightly
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Figure 2-4. Illustration of results obtained in-tube using image-tinting techniques. (A)(i) shows a scanned image
of a tube containing the complex formed after the Sakaguchi reaction was performed on a standard sample. The
intensity of red color correlates directly to increasing arginine concentration. (ii) shows the image following red to
magenta conversion in Fiji. Saturation (image shown in (iii)) was obtained using RGB (red, blue, green) to HSB (hue,
saturation, brightness) color space conversion, resulting in a more linear relationship between saturation and
concentration. (B) shows the curve obtained when concentration was correlated with saturation values following
image-tinting (n = 5). The corresponding images obtained for each concentration are also depicted on this curve.

improved but non-ideal correlation between increasing concentration and saturation values
was observed (Figure 2-3).

Given the improvements observed due to employing saturation measurement, the
next step was to apply pre-existing image-tinting techniques previously developed in our
lab to determine whether these were beneficial in this case.?? Consequently, the red to
magenta FI1JI plugin was used before analyzing the average saturation values, as illustrated
in Figure 2-4A.

In this conversion, the blue channel of the RGB color space is excluded and
replaced with a second copy of the red channel. Additionally, occurrences of red in a
red/green image are converted to magenta, creating a magenta/green merge.>* This plugin
was designed to accommodate individuals with red-green blindness and significantly

enhance the red channel's contribution.?*> However, the adaptation of this feature for this
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purpose resulted in enhanced differentiation of
shades of red. As a result, there was greater
discernment of subtle differences in saturation,
as shown by the plot obtained (Figure 2-4B).
This combination of techniques was included
in the image analysis stage of experiments

thereafter.

2.3.2. Optimized Device Design

The next phase of this research entailed

designing, optimizing, and fabricating a disc that best accommodates the image analyses

as  experimentally  determined.
Several iterations of microdevice
architecture were evaluated before
the optimized design of the
centrifugal disc was determined.
Initially, to evaluate fluid
flow, a rectangular chip featuring
square chambers was created and
applied to the analysis of mock
samples (Figure 2-5). Mixing was

enabled via spinning and shaking

using the in-house rotational devices.

Figure 2-6. Image of original microdevice architecture and
distribution of fluid following mixing via centrifugal
rotation. (A) The assembled microdevice used for proof-of-
concept experiments. (B) An enhanced view of the mixing
chamber highlighting the liquid retained in the lower corners.
This occurrence led to the redesign of the chamber shape and
architecture.
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Following preliminary experiments, it was determined that this architecture was not ideal
as there was incomplete transferal of liquids from the first to the second chamber on
spinning; fluid was retained in the lower corners of the first chamber, as shown in Figure
2-6. This could be attributed to the magnitude of the contact angle formed between the
liquid and the inner surface of the chamber. The contact angle refers to the site at which a
liquid-vapor interface interacts with a solid surface.?* It has been established that the liquid
is less likely to adhere to a solid surface as the contact angle increases. Pertinently, contact
angles less than 90° are indicative of a hydrophilic interaction.?” It thus follows that when

B the square architecture liquid

Vent __,

A

Inlet

adhered to the lower 90° corners

Mixing
Chamber

—

of the mixing chamber after

Laser Valve —

mixing via centrifugal rotation.

Detection
Window

Consequently, this architecture

Figure 2-7. Optimized microfluidic disc. (A) shows a scanned image Was supplanted by circular
of the final version of the disc designed for these experiments. (B) is a
magnified schematic of the architecture of each microfluidic domain as
designed using AutoCAD® software. This disc was created using the
Print, Cut, and Laminate technique previously developed by the

Landers lab.[21] The resulting optimized

chambers in the optimized device.

design of the device is shown in Figure 2-7. The disc features four discrete segments, each
90° to the neighboring section. The shape of the microdevice evolved from an initially
rectangular architecture to a circular disc to maximize the benefits of centrifugal
microfluidic mixing and facilitate multiple testing segments per disc. All iterations of the
chip were five-layer devices with the addition of PMMA to increase the chamber depth
and capacity and PET to cover the expanded chambers. The first uncoated PET layer

defines the device's inlets, compartments, and vent holes. The second and fourth layers
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demarcate the chambers and the channel barriers. The third toner-coated layer is a barrier
between the second and fourth layers before the required fluid transfer between chambers
following the actuation of the laser valve. The fifth layer covers exposed channels and
chambers to create an enclosed system. Layers four and six are coated with a heat-sealing
adhesive (HSA), which facilitates the binding of layers in the lamination process. Layer 7
is an uncoated PET layer that enables the use of the microdevice as a closed system. These

layers are illustrated in Figure 2-8.

L1 L2 L3 L4 LS L6 L7

Figure 2-8. A schematic describing the individual layers of the microdevice used in these experiments. Layer (L)
1 is the polyethylene layer used to seal microfluidic chambers. L2 shows the poly(methyl methacrylate) (PMMA)
segments used to increase the capacity of the fluidic chambers. L3 and L7 represent polyethylene (PE) layers. L4 and
L6 represent polyethylene layers coated with heat-sealing adhesive (HSA) which is solvent-based, cross-linked, and
purely acrylic. This allowed for cohesion within the microdevice. L5 represents a black PE layer which serves as a
barrier between fluidic channels until laser actuation.

The reagents (2.5 M NaOH, 1.5 mM a-naphthol in ethanol) and sample or standard
solutions are introduced via inlet to the mixing chamber, and mixing was via the external,
centrifugal microfluidic system. The barrier was breached by melting the valve using a
custom laser, followed by color development in the detection window as previously
described. The generation of centrifugal forces promotes transfer through high-frequency,
unidirectional rotations. Figure 2-9 details a cross-section of the microdevice and
illustrates how valve ablation facilitates fluid transfer.

The optimized microdevice was coupled with image analysis techniques to create

a calibration curve. Figure 2-10 illustrates the images obtained for the standards at each
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Figure 2-9. Lateral view of microdevice describing fluidic flow. (A) Reagents introduced via inlet, held in the mixing
chamber by closed laser valve. Mixing occurs via bidirectional rotations using a custom-built spin system. (B)Laser
valve absorbs energy from red laser ablation, creating access to next chamber. (C) Metered transfer of reactants to the
second chamber where reagents are added for color development.

stage of image analysis — (A) shows the i 1mages immediately following color development

Figure 2-10. Illustrative images of detection windows. From left to right — the concentration of arginine increases as
indicated by the corresponding increase in color intensity. Image analysis processing steps are depicted by row (A) the
images before tinting, (B) the images following red to magenta conversion, and (C) RGB to HSB color space
conversion.

and image acquisition, (B) shows the results of red to magenta tinting, and (C) exemplifies

the final image obtained following RGB to HSB color space conversion. Figure 2-11
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shows the robust and linear correlation between saturation and arginine concentration
following this conversion, as evidenced by the marked improvement in the R squared value

(0.635 for initial red channel measurements compared to 0.995 post-conversion).
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Figure 2-11. Calibration curve obtained using optimized microdevice. This curve demonstrates the strong,
linear, correlation between saturation and concentration of arginine.

2.3.3. Pilot Tests

Subsequently, pilot experiments were conducted using a small number of donor
samples (n = 7 for each biological sex). These samples were obtained via the voluntary
donation of fingermark deposits from individuals of both biological sexes within the
research group. As previously stated, volunteers were assigned a reference code to protect
their identities, and there was no predetermined ratio of biological sexes. There was also
no enrichment of fingermarks at this stage: no touching or rubbing of the nose or forehead
before deposition. Omitting fingermark enrichment was intended to facilitate objective
investigation of the potential to detect and analyze arginine content in non-ideal but
realistic conditions. As such, data obtained would more closely approximate “natural”

sweat content in deposits.
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Additionally, a consistent delta was observed between mean thumb and “little”
finger arginine concentrations compared to those obtained for the other fingers. It was
determined that it would be prudent to focus analyses on the index, middle, and ring fingers.
This delta was attributed to the difference in skin surface area in contact with the PET

surface for the largest and smallest fingers.

Identification
of biological
sex

Vs

) ) 3 Sakaguchi
Acid hydrolysis / Reaction
C 0 s i .
‘ - = 1

—~ -

Fingermark Negative Positive )

: _ Image
depfi)sllat%d on Hydrolysate acquisition & [
transferred to chip analysis

Figure 2-12. Schematic outlining the process used to analyze arginine content in donor fingermark deposits and
consequently determine presumptive biological sex.

As illustrated in Figure 2-12, the deposits were first placed on PET squares and
incubated before further analysis. Post-incubation processes were completed in ~40 min
with the inclusion of the acid hydrolysis step (20 min). In the acid hydrolysis step, the
hydrophilic components of the fingermark deposits, such as amino acids, proteins, and
salts, migrate to the hydrochloric acid solution. The hydrophobic PET surface retains the
lipophilic components derived from sebaceous secretions. These phenomena enable the
extraction of arginine from the fingermark deposit matrix.

Following image and data analysis of all samples, the mean arginine concentrations
obtained experimentally from males and females were compared to literature values and
each other. These comparisons showed that there was no significant statistical difference.
For males, the experimental mean obtained was 42.2 + 4.4 uM, as compared to the
theoretical value of 54.0 + 12.6 uM.!> For females, the mean arginine concentration

obtained experimentally was 79.6 + 4.3 uM, as compared to the literature value of 94.8 +
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12.9 uM." The statistical similarities were confirmed for both data sets using the t-test.
The p-value obtained when experimental values for female samples were compared to
literature values was 0.256. When this comparison was analyzed for male samples, a p-
value of 0.367 was obtained. Conversely, it was also determined that the mean arginine
concentrations for male and female samples were significantly statistically different (p <

0.001). This information is summarized in Figure 2-13.

100 r
m Experimental Values

m Theoretical Values
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Figure 2-13. Literature values for mean arginine concentration vs. experimental values in pilot tests. The mean
arginine concentrations of male and female samples were significantly different (p < 0.001). Experimental values
obtained for males and females were not statistically different from literature values (males - 42.2 + 4.4 vs. 54.0 £ 12.6
uM (p =0.367); females - 79.6 + 4.3 uM vs. 94.8 uM £ 12.9 (p = 0.256) (experimental vs. literature, + SEM in all cases)
(n=7)[15].

2.3.4. Lifted Fingermark Deposits

In the pilot testing phase of these experiments, fingermarks were deposited on PET
to evaluate the feasibility of the protocol and detection method. However, fingermarks are
found on other substrates, such as wood, glass, doorknobs, laminate, or paper in a forensic
investigation. Porosity, wettability, and other substrate characteristics play a significant
role in forecasting the longevity and viability of deposits.”?° It has been experimentally

determined that up to three times more amino acid material is found in sediments on porous
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surfaces (e.g., paper and cardboard) than on non-porous substrates (e.g., glass and metal).’
Eccrine sweat is more readily absorbed than sebaceous secretions and is thus more
efficiently transferred onto porous substrates. Sebaceous secretions, however, can remain
on the substrate surface for up to several years following deposition.” Figure 2-14
illustrates the typical effects of substrate on the longevity of fingermark deposits (reprinted
with permission).?® Consequently, it was imperative to investigate this phenomenon under

“real-world” conditions.

Emulsion of water-soluble and water-insoluble components

| | |

Porous surface - - L

(a) Cross section of latent deposit immediately after deposition Nonporous surface

Water-insoluble component

Water-soluble component (a) Cross section of latent deposit immediately after deposition

— CENEED 4GS 4 s

Porous surface Nonporous surface

® Minutes/hours after deposition (b) Several weeks/months after deposition
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l ) )

el i |

Porous surface

(c) Weeks/months after deposition

Figure 2-14. Depiction of the effect of surface porosity on the longevity of fingermark deposits after deposition.
(A) illustrates the typical observations when fingermarks are deposited on porous surfaces, while (B) details fingermark
behavior following deposition on nonporous surfaces [26].

The surfaces selected in this case were a laminate benchtop and a stainless-steel
light switch cover. These were located in the research lab and chosen due to their non-
porosity. It was presumed that the low-porosity substrates would create a realistic but non-
ideal set of conditions in addition to being commonly accessed locations. Consequently,
the robustness of the proposed modifications was also investigated. A schematic outlining

the details of the lifting process is shown in Figure 2-15.
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Figure 2-15. Schematic outlining the process used to obtain lifted fingermark deposits. (1) The donor deposited
fingermarks on the appropriate substrate. (2) represents the fingermark deposits as they appear on the substrate, with
(a) showing a digital image of a fingermark deposit on a benchtop as obtained in the experiments, and (b) showing a
representative illustration. (3) A section of PET transparency film (~9 cm?) was placed directly onto the deposits. (4)
Pressure was carefully applied back and forth on the upper surface of the film to promote the transferal of deposits. (5)
PET film was lifted from the surface using precision tweezers, inverted, and (6) placed in a 35 mm borosilicate Petri
dish. Samples deposited directly on PET sheets were used as controls.

Given the paucity of arginine in fingermark deposits of male origin, it was probable
that the inclusion of these samples could result in misleading results, whereby the scarcity
of material would be incorrectly interpreted as an experimental design flaw or procedural
failure. Consequently, proof-of-concept experiments were conducted using deposits from
female donors only to reduce this uncertainty. This assertion was supported by Huynh et

al., where the low signal from

120 - ® Control
u Lifted Deposits male fingermarks resulted in
the use of deposits from

females  exclusively.®>  The

results of this phase of tests are

Mean Arginine Concentration (uM)

graphically displayed in Figure

Benchtop Light Switch

Figure 2-16. Comparison of the mean arginine concentrations obtained 2-16
from lifted vs. control fingermark deposits (female donors). Samples ’
deposited directly on PET sheets were used as controls (n = 3).

It was observed that

despite the variation of surfaces and the inclusion of lifting steps, there was no significant
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statistical difference between arginine concentrations in lifted fingermark deposits and
those deposited directly onto PET as controls. For samples lifted from the benchtop, the
mean arginine concentration obtained was 96.1 = 6.7 uM, compared to controls with a
mean 0of 93.3 £7.7 uM (p = 0.799). The mean arginine concentrations obtained for samples
lifted from the light switch were 107.2 £ 9.5 uM and 110.1 £ 6.0 uM for lifted and control
samples, respectively (p = 0.805, o = 0.05). All samples are reported with standard error
measurements. It was also determined that the concentration means of the lifted benchtop
samples and the lifted light switch samples were not significantly different (p = 0.162).
These findings support the potential for applying the proposed protocol to crime scene

forensic investigations.

2.3.5. Magnetically Powdered Fingermark Deposits

Powders have been described as “probably the oldest and most common techniques
for the enhancement of latent fingerprints”.® Fluorescent, magnetic, and carbon-based
powders of various colors and compositions are routinely used to visualize latent prints at
a crime scene. Given the inherently destructive nature of the proposed protocol, it was
determined that the potential combination of techniques merited investigation. This
combination would accommodate visualization of the print before experiments and
chemical analysis, thereby allowing for the acquisition of both biometric and biochemical
information. The bichromatic magnetic powder was chosen due to its sensitivity and
potential to be visualized on both light and dark surfaces. Additionally, the excess powder

can be removed using non-contact methods. This characteristic is beneficial as it reduces
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Fingermark  Acid hydrolysis; Hydrolysate Strong magnet
samples hydrolysate and residual attracts
deposited &  pipetted from magnetic particles, liquid
powdered fingermark particles in transferred to
surface tube microdevice for
analysis

Figure 2-17. Summary of the process used to analyze magnetically- powdered samples. (1) Fingermarks were
deposited on PET, placed in Petri dishes, and dusted using the magnetic powder and brush. Excess powder was removed
from the deposits' surface before incubation. (2) Acid hydrolysis after incubation; hydrolysate then pipetted from the
surface of the sample. (3) Mixture of residual magnetic particles and hydrolysate transferred to a centrifuge tube. (4)
Strong magnet placed under the tube to promote sedimentation of the magnetic particles. Hydrolysate was then
transferred to the microdevice and analyzed using the optimized protocol.

the chances of contamination or potential distortion of deposits. The process used for

testing magnetically powdered fingermark deposits is described in Figure 2-17.
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Figure 2-18. Comparison of mean arginine concentrations
derived from magnetically powdered vs. control fingermark
deposits from female donors. Controls were unpowdered
samples deposited on PET sheets (n = 6).

It was determined that there was
no significant difference between mean
arginine concentrations obtained from
magnetically powdered fingermark
deposits and unpowdered controls
deposited on PET (p = 0.590), as shown
in Figure 2-18. Female donors were
again used exclusively for these

experiments to decrease the uncertainty
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regarding experimental conditions. The results obtained suggest the potential for

combining visualization techniques with the proposed protocol and optimized microdevice

to acquire more information about potential perpetrators at a crime scene.

2.3.6. Blind Study

A blind study was conducted to analyze the robustness and applicability of the

protocol conclusively. In the pilot testing phase of experiments, volunteers were assigned

a reference code to protect their identities but were known to the researcher. For these

experiments, however, the donors’ biological sexes were recorded by a colleague for post-

experimental verification and withheld from the primary analyst to preclude experimental

bias. Biological sex was then presumptively proposed based on the results obtained and

subsequently determined to be correct or incorrect.

Fingermark deposits were obtained from 16 unique participants. Of these, one set

Table 2-2. Summary of results obtained from the blind study. The was re.]eCted as there were no

biological sexes of all participants were correctly determined except for one

case.

Female
Male
Female
Female
Female
Female
Female
Male
Female
Female
Male
Female

13 Male
Male
Female

Female
Male
Female
Female
Female
Female
Female
Male
Female
Female
Male
Female
Female
Male
Female

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No

Yes
Yes

discernable prints or
residues. As with the pilot
study, five impressions were
taken from each donor, but
the thumb and little finger
deposits were excluded due
to inconsistent and erratic
concentration values

resulting from differences in
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finger sizes. Consequently, three prints each from eleven females and four males were

analyzed, and the results obtained from these experiments are summarized in Table 2-2.

The biological sexes of all participants were correctly determined except for one case. As

such, the accuracy of discernment between biological sexes was fourteen of fifteen (93%).

200
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Concentration (uM)
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Figure 2-19. Comparison of mean arginine concentrations
obtained from male vs. female individual samples in a
blind study. These means were found to have a significant
statistical difference (p <0.001). For males (n = 12), the mean
obtained was 55.26 + 5.3 uM (SEM), which was not
statistically different from the literature value, 54.0 + 12.6 pM
(p = 0.914) [15]. The mean concentration obtained
experimentally for samples from female donors (n = 33), 96.4
+ 5.1 uM, was not statistically different from the literature
value, 94.8 pM + 12.9 (p = 0.908) [15]. The literature values
are represented on the graph by green and blue broken lines
for females and males, respectively. The gray dots represent
values obtained for individual samples. The red dot represents
the mean concentration obtained for each data set. The red
horizontal lines represent the upper and lower bounds for the
95% confidence intervals.

The data from the blind study was
further analyzed by comparison to
known literature values. In this case, each
deposit provided was enumerated to
illustrate best the spread of data obtained,
rather than evaluating data sets by the
donor. This information is summarized in
Figure 2-19. The arginine concentration
means for males versus female donors in
the study were significantly statistically
different (p < 0.001). For males (n = 12),
the concentration

mean  arginine

obtained, 553 £+ 53 uM was not

statistically different from the literature value, 54.00 + 12.61 pM (p = 0.914)."> The mean

arginine concentration obtained experimentally for samples from female donors, 96.4 + 5.1

uM (n = 33), was not statistically different from the literature value, 94.80 £ 12.9 uM (p =

0.908).15
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2.4. Conclusions

The creation of an optimized microfluidic device to identify biological sex via
fingermark deposit analysis is detailed herein. These objectives were achieved by adapting
and optimizing the colorimetric Sakaguchi reaction for a microfluidic platform coupled
with an inexpensive but objective detection method employing freeware and a standard
computer scanner. Jointly, these were used to reliably determine the donor’s biological sex
from fingermark content in < 40 min (following incubation) with mean arginine
concentrations that were statistically similar to those previously reported in the literature.
The biological sexes of fourteen out of fifteen unknown participants were correctly
designated via presumptive testing, demonstrating 93% accuracy of identification using the
proposed protocol. Additionally, the compatibility of the proposed method with lifted
samples and fingermarks treated with bichromatic magnetic powder was demonstrated.
Given the inexpensive and rapid nature of testing methods and required equipment, the
potential for reducing assay time, instrument expenditure, and consumption of reagents is

evident.?’
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3. A Rapid SARS-CoV-2 Virus Enrichment and Extraction Method for

Efficient Diagnostic Screening via Largescale Pooling of Clinical Samples

3.1. Introduction

The novel Betacoronavirus severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was identified in Wuhan, China, in December 2019 and quickly spread
worldwide.!? As of early January 2022, the coronavirus disease 2019 (COVID-19)
pandemic has affected over 290 million people and caused more than 5.45 million deaths
globally.® Several methods for sample collection and detection have emerged in recent
months to address the increased demand for diagnostic laboratory testing, SARS-CoV-2
surveillance of asymptomatic persons, and to accommodate varying community needs.*>
Besides simply diversifying testing methodologies available, it is important that all novel
approaches for coronavirus clinical testing are amenable to simple implementation, are
relatively inexpensive, and are not prohibitively time-consuming.

With regard to sample collection and cellular lysis, the focus of diagnostic testing
for SARS-CoV-2 has been on symptomatic persons via testing of upper respiratory
specimens collected by swabs and extracted by a solid-phase approach.*> While
nasopharyngeal (NP) specimens continue to be the COVID-19 laboratory diagnostic
standard, %7 saliva sampling has garnered significant attention as a low-cost, non-invasive
alternative that affords comparable sensitivity for SARS-CoV-2 detection.® Furthermore,
saliva specimens provide a more facile opportunity for pooled surveillance testing, a
strategy proposed by several institutions for the monitoring of COVID-19 transmission.’ !0
Alternative viral lysis methods have also been demonstrated; notably, our group proposed

a technique for SARS-CoV-2 nanoparticle-facilitated enrichment and enzymatic lysis from
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clinical samples that leverages existing PDQeX technology in under 10 minutes.!! This
method demonstrated comparable sensitivity to gold-standard methods for RNA isolation
from clinical samples and provided positive diagnoses from NP specimens and saliva
collections.

Beyond sample collection and following lysis and isolation of viral RNA from
swabs, reverse transcription-polymerase chain reaction (RT-PCR) is most commonly used
for confirmatory detection and diagnosis of the virus. This approach is preferential over
other molecular-based assays due to its capacity for sensitive and specific pathogen
detection and potential for implementation with rapid diagnostic workflows.!2

Microfluidic alternatives employing RT-PCR for detection and analysis are
attractive for several reasons pertaining to the COVID-19 pandemic, as they permit rapid,
automated, and streamlined detection.!® Ideally, microfluidic detection would be coupled
with upstream sample preparation within one integrated device; a miniaturized total
analysis system (LTAS). However, this is less easily accomplished with large volume
samples, such as those encountered with largescale pooling.'*

Pooling is a sampling method whereby multiple specimens are combined into a
"batch" or "pool", which is then analyzed using resources equivalent to those required for
an individual test.!> This minimizes the volumes of reagents used, lowers the cost per test,
increases testing capacity, and decreases the required time investment for analyses.!® It can
be especially beneficial for largescale diagnostic screening in populations where the
prevalence of the infection is low.!” Additionally, it is a valuable tool for mitigating the

spread of an illness in cases where patients are infected but asymptomatic.
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Given the current steady decline in recorded cases,'® a sensitive and rapid method
for this application could be essential for efficient and accurate monitoring of infection
rates. As such, a workflow for streamlined surveillance monitoring of SARS-CoV-2 with
the potential for diagnosis from pooled clinical samples is detailed here. This methodology
couples the ultrafast SARS-CoV-2 virus enrichment and extraction sample preparation
technique optimized previously by our group with downstream detection of pooled samples
by rapid microfluidic RT-PCR.!! For proof-of-principle, downstream detection is
accomplished by conventional RT-PCR using gold-standard instrumentation and kit
chemistries given Emergency Use Authorization (EUA) by the Centers for Disease Control
and Prevention (CDC). Additionally, microfluidic detection from pooled eluates using a
custom-built RT-PCR instrument and corresponding microchips is demonstrated.!” The
presented workflow seeks to alleviate the macro-to-micro issues associated with
microfluidic testing of pooled samples in a streamlined format, thereby promoting

enhanced virus surveillance and decreased transmission rates.

3.2. Materials and Methods

3.2.1. Clinical SARS-CoV-2 Sample Preparation and Analysis

Three types of clinical samples were used in this study; samples derived from
nasopharyngeal swabs stored in viral transport medium (VTM), neat saliva spiked with this
VTM, and saliva samples collected, transported, and stored using DNA Genotek
OMNIgene® ORAL (OME-505) device (DNA Genotek Inc., Ottawa, Ontario, Canada).
Clinical VTM samples were analyzed via real-time RT-PCR using the Abbott M2000 Real-

Time SARS-CoV-2 Assay (Abbott, Illinois, USA) or the Xpert® Xpress SARS-CoV-2
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Assay (Cepheid, Sunnyvale, CA, USA) coupled with the Abbott M2000 Real-Time System
(Abbott, Illinois, USA). Individual samples were then de-identified, assigned a sample
code, and vortexed for 10 s before the transferal of a 0.6 - 1 mL aliquot to a pre-labeled, 2
mL screw-cap microcentrifuge tube. Aliquoted samples were inactivated via heat-
treatment at 65 °C for 30 min and stored in a sealed, biohazard-designated zip-top bag at —
20 °C until analysis. Neat (undiluted) saliva used for VIM spiking was diluted using a
diluent buffer in a 1:3 ratio before use. The diluent buffer was prepared by first dissolving
3.3073 g NaCl, 0.0807 g KCl, 0.5678 g Na2HPO4, and 0.0978 g KH2PO4 in 40 mL of
molecular biology grade water (Fisher Scientific, Pittsburgh, PA, USA) to obtain a 10X
phosphate-buffered saline (PBS) solution. The pH of this solution was then adjusted to 7.35
using NaOH, and 200 pL of solution was combined with 1400 pL molecular biology grade
water (Fisher Scientific) and 400 pL. BLUE buffer (MicroGEM International, PLC.,
Charlottesville, VA, USA) to create the saliva dilution buffer. Saliva samples were
obtained using the DNA Genotek OMNIgene® ORAL (OME-505) device for the
stabilization of viral RNA in the CRL COVID-19 Self Collection Testing Kit from Clinical
Reference Laboratory, Inc. (CRL, Lenexa, KS, USA. Initial COVID-19 testing conducted
at CRL was performed using the CRL Rapid Response™ test with Emergency Use
Authorization (EUA) granted by the FDA.?® RNA extractions at CRL were conducted
using the Zymo Quick-DNA/RNA™ Viral MagBead kit (Zymo Research Corporation,
Irvine, CA, USA) on Tecan automated platforms (Tecan Life Sciences, Mannedorf,
Switzerland). RT-PCR was performed using the Logix Smart™ Coronavirus Disease 2019
(COVID-19) kit (Co-Diagnostics, Inc., Salt Lake City, UT, USA) using Bio-Rad CFX96™

Touch Real-Time PCR detection systems with Bio-Rad CFX Manager 3.1 software (Bio-
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Rad Laboratories, Hercules, CA, USA). Before receipt by the University of Virginia Health
System, saliva samples were de-identified according to HIPAA standards. Samples were
shipped and stored at room temperature to best approximate "real-world" conditions; the
self-collection system is reported to stabilize samples at room temperature for
approximately 21 days.?!*?> There was no dilution of VIM clinical samples nor self-

collected saliva samples before pooling and extraction.

3.2.2. Sample Pooling Protocol

Clinical SARS-CoV-2 samples were classified as having a "high", "moderate," or
"low" viral titer based on the clinically detected Ct value from real-time RT-PCR. "High",
"moderate", and "low" samples were those assigned Cr values of < 20, 20 - 30, and > 30,
respectively. A sample pool was created for each classification by combining 250 pL each
of three positive samples with similar Cr values to form a 750 uL bulk sample, as shown
in the first step of Figure 3-1A. The appropriate volumes of these positive pools were then
combined with negative clinical samples to achieve 1:10, 1:50, and 1:100 dilutions of
positive bulk sample to negative sample (Figure 3-1A). This process was repeated without

deviation for all clinical sample types analyzed.

3.2.3. RNA Extractions using the PDQeX Platform

Before extraction, samples were enriched via nanoparticle pre-concentration as
described by Dignan et al.!! Each dilution ratio was applied to a total volume of 500 uL;
for example, 50 pL of positive pooled sample was added to 450 pL of negative clinical

sample for the 1:10 dilution. The dilution setup and sample preparation workflow are
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PDQeX
Nucleic Acid
Extractor

1:50 1:100 v RT-PCR-ready
PDQeX cartridge extracted RNA
® Nanoparticle Extraction Mixture
®  Virion Negative clinical sample
% Viral RNA Positive clinical sample

Figure 3-1. Schematic illustrating the workflow for sample preparation and RNA extraction. Based on the clinically
assigned Cr value, samples (nasopharyngeal swabs in VTM, or saliva, as appropriate) were classified as having a high,
moderate, or low viral titer (Cr value < 20, 20 — 30, or > 30, respectively). (A) Equal volumes of three positive samples
with similar clinically assigned Cr values were combined to represent a pooled positive sample. The appropriate ratios
were achieved by diluting this pooled positive sample in clinically negative samples. (B) SARS-CoV-2 virions were pre-
concentrated using paramagnetic nanoparticles. This step facilitated the adsorption of virions to the nanoparticles, which
were then magnetically separated from the sample. The supernatant was removed, and the extraction cocktail was added
for the resuspension of nanoparticles. The desorption and extraction of RNA were then facilitated via thermocycling.
This process was repeated for each dilution pool. (C) RT-PCR-ready extracted viral RNA.

illustrated in Figure 3-1A. Briefly, 100 pL of Nanotrap® Magnetic Virus Particles
(CERES Nanosciences, Inc, Manassas, VA, USA) were added to each dilution pool, with
thorough mixing via vortexing (Figure 3-1B). Per the manufacturer's recommendation, the
supernatant was removed, and the extraction cocktail was added. The cocktail comprised
88 uL of nuclease-free water, 2 pL. of RNAGEM (MicroGEM US Inc., Charlottesville,
VA, USA), and 10 pL of 10 X BLUE Buffer (MicroGEM, Charlottesville, VA, USA).
Following thorough mixing, the combined sample and extraction cocktail mixture was
transferred to a PDQeX cartridge before thermocycling in the PDQeX Nucleic acid
Extractor (MicroGEM, Charlottesville, VA, USA) at 95 °C for 5 minutes (Figure 3-1B
and C). This process was repeated for each dilution pool. The extracts were then

immediately analyzed via RT-PCR.
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3.2.4. RT-PCR Conditions

The Cr data obtained from RT-PCR experiments were used to evaluate the relative
success of upstream preparation and detection of SARS-CoV-2 viral RNA in pooled and
diluted samples. The RT-PCR assay used was developed by the Centers for Disease
Control and Prevention (CDC) under an emergency use authorization (EUA) in February
2020.%* Each reaction was a total volume of 20 uL and was comprised of 5 uL of viral
RNA extract, 5 pL of TagPath™ 1-Step RT-q-PCR Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA), 1 uL of SARS-CoV-2 (2019-nCoV) CDC RUO N1 primer-probe
mix (Integrated DNA Technologies, Coralville, IA, USA), and 9 uL of PCR-grade water.
The 2019-nCoV_N_Positive Control plasmid (Integrated DNA Technologies, Coralville,
IA, USA) was serially diluted to obtain concentrations of 1000, 100, 50, and 10 copies/uL
and used as positive controls for real-time RT-PCR. Samples were run in either triplicate
or quintuplicate using the suggested protocol for the TagPath™ 1-Step RT-q-PCR Master
Mix, including UNG incubation at 25 °C for 120 s, reverse transcription at 50 °C for 900
s, polymerase activation at 95 °C for 120 s, and 40 amplification cycles (95 °C for 3 s and
60°C for 30 s). Extracts and controls were analyzed using a QuantStudio™ 5 Real-Time

PCR System for Human Identification (Applied Biosystems, Waltham, MA, USA).

3.2.5. Double-Blind Study — Clinical Saliva Samples

A double-blind study was conducted to assess the accuracy of qualitative
differentiation between clinical positive and negative samples using the proposed pooling
protocol while ensuring the absence of selection bias. Deidentified clinical negative and

positive saliva samples (obtained using the OMNIgene®*ORAL self-collection system)
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were randomly selected, analyzed via RT-PCR, and labeled with a numerical sample code
at Clinical Reference Laboratory Inc. Samples were then shipped to the researchers at UVA
for analysis. Each sample was then randomly assigned an in-house code (X1 — X10) which
correlated to the numerical sample code provided by the third party. These samples were
diluted to the appropriate ratios using negative saliva samples, as detailed in Figure 3-1A,
before RNA extraction and RT-PCR analysis (Figures 3-1B and C). Presumptive results

were then conveyed to the third party for comparison to known data.

3.2.6. Adaptation of Assay to an Ultra-Rapid Real-Time Microfluidic PCR
Amplification Instrument

Preliminary experiments were conducted using clinical saliva samples to determine
the feasibility of adapting the assay for use with a novel in-house PCR amplification
instrument. Data from the in-house device was compared to conventional gold-standard
techniques. Extraction was performed using the RNeasy Mini Kit (Qiagen, Valencia, CA,
USA), and RT-PCR was performed utilizing the QuantStudio™ 5 Real-Time PCR System
for Human Identification and the manufacturer's thermocycling protocol as previously
described. Experiments were conducted in parallel using the PDQeX Nucleic Acid
Extractor with Nanotrap® Magnetic Virus Particles enrichment for extraction, while PCR
amplification was realized using the Ultra-Rapid Real-Time Microfluidic PCR
Amplification instrument. TagPath™ 1-Step RT-q-PCR Master Mix and SARS-CoV-2
(2019-nCoV) CDC RUO N1 primer-probe mix chemistry was used for both conventional

and microfluidic RT-PCR.
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Briefly, 300 uL were taken from each of four positive clinical saliva samples and
combined to create a neat pool with an average reported Cr value of 21.7 + 1.06 and a total
volume of 1.2 mL. A 1:50 dilution pool was prepared from the amalgamated neat stock
using negative saliva samples as diluent with a final volume of 600 pL. The neat and 1:50
pools were split equally, with half designated for conventional analyses and the remainder
for use in microfluidic experiments. 250 pL each were taken from each pool and analyzed
using conventional methods. Identical aliquots were analyzed using the microfluidic
method described above. Negative saliva samples were included as controls, and the
conventional RT-PCR was conducted according to the manufacturer's protocol as
previously described. For microfluidic experiments, however, the thermocycling program
comprised reverse transcription at 50 °C for 300 s, polymerase activation at 95 °C for 120
s, and 40 amplification cycles (95 °C for 1 s and 60°C for 15 s). Data obtained were
analyzed and compared.

Regarding the operation of the instrument, real-time amplification was enabled by
first mounting the reagent-filled microfluidic chip onto the alignment pegs and clamping it
between the Peltiers as shown in Figure 3-2 (detailed further in the following chapter).!’
A light-proof box was then placed over the instrument. The fluorescence detector was
positioned orthogonally to the amplification chamber (Figure 3-2B) and Peltiers (Figure

3-2C) to detect laser-induced fluorescence (LIF) via a 488 nm sapphire laser while
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simultaneously thermal cycling.!” The system was coded to perform two-step PCR

(denaturation and annealing) following an initial “synthesis” step.

A Reagent B PCR c
Inlet Polymeric Chamber
Sample Ball
Chamber ,
PCR Polymeric " .\Eolylmenc _ -
Chamber Film  Fluorescence

Film’ ~

N

\ Detector
3

0

Microfluidic
Chip

Front View Isometric View

Figure 3-2. The microfluidic instrument used for rapid PCR analyses. (A) Front and isometric views of the
microfluidic chip. (B) Schematic of the instrument with the fluorescence detector highlighted. (C) Custom instrument
including alignment pegs used for chip placement and the clamping Peltiers. [19]

3.2.7. Statistical Analyses
All statistical analyses were conducted using GraphPad Prism version 9.3.1. (350)

for macOS, GraphPad Software San Diego, California USA.?*

3.3. Results

3.3.1. Pooling of Nasopharyngeal (VTM) Clinical Samples

Clinical nasopharyngeal (NP) samples classified as having 'high' and 'moderate’
relative viral titers were pooled and prepared using the nanoparticle enrichment and
enzymatic extraction protocol. A representative amplification plot from the RT-PCR
analysis of extracted RNA from the high titer pool and the corresponding dilutions of this
sample type is shown in Figure 3-3. The average Ct values for high and moderate pools

are summarized in Figure 3-4. Amplification was observed for all dilutions in these sample
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3.3.2. Spiking of Negative Saliva and Subsequent Pooling
Here, clinical NP samples of high and moderate concentrations were spiked into
fresh saliva, pooled, and analyzed via the previously described protocol. A representative

amplification plot from the RT-PCR analysis of extracted RNA from the high titer pool
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and the corresponding dilutions of this sample type is shown in Figure 3-5A. The average
Cr values for high and moderate pools are summarized in Figure 3-5B. There was
successful amplification for all dilutions and viral titer designations following RT-PCR.
Additionally, amplification was observed in the extracted negative samples, with an

average Cr value of 38.7 + 1.08.

A —High Neat —High 1:10 —High 1:50 —High 1:100 B mNeat ®1:10 ®=1:50 =1:100 wExtracted Neg
2 -

ARn

0 5 10 15 20 25 30 35 40

Cycle Number High Mod

Figure 3-5. Amplification data obtained from pooling experiments using fresh saliva spiked with clinical
nasopharyngeal swab samples. (A) A representative normalized amplification plot obtained from RT-PCR analysis
of the extracted RNA (high viral titer). (B) A summary of the Cr data. Dilution ratios increase from left to right. In this
case there was amplification in extracted negative samples (n = 5).

For high viral titer samples, there was an increase in Ct value when the dilution
factor increased from 1:10 to 1:50 and a decrease for the 1:100 pool. Still, Tukey's multiple
comparison test determined that though the data obtained for the 1:10 and 1:100 dilutions
were statistically different (p <0.0001), there was no significant difference between the
average Cr values obtained for the 1:50 compared to the 1:100 dilutions (p = 0.7520).24%

In the case of the moderate Ct samples, there was a significant increase in average
Cr values for the diluted samples compared to the neat, from 21.9 & 0.42 for the neat sample

up to 34.4 + 0.30 for the 1:100 dilution. This was followed by a rise in Ct values for the

1:50 dilution before a decrease in average Cr values for the 1:100 dilutions. Unlike the
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high-titer samples, the average Cr values for all moderate dilution pools were found to be

statistically different when compared using Tukey's test.>*2°

3.3.3. Pooling of Saliva Samples
High, moderate, and low concentration clinical saliva samples obtained using the
CRL COVID-19 Self Collection Testing Kit were pooled and prepared as described above.

Amplification was observed for all samples and corresponding dilutions (Figure 3-6).

A B
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Figure 3-6. Amplification data obtained from pooling experiments using saliva samples collected using the CRL
OMNIgene®*ORAL sampling kit. (A) A representative normalized amplification plot obtained from RT-PCR analysis
of extracted RNA (high viral titer). (B) Summary of Cr data. Dilution ratios increase from left to right (n = 3).

Cr values increased by approximately four units for each viral titer (high, moderate,
and low) when comparing neat samples to those diluted to the corresponding 1:10 dilutions;
however, the deltas of the average Cr values decreased for dilutions beyond 1:10. Namely,
Cr values increased by approximately 1.6 cycles between dilutions for high and moderate
samples and between 0.27 and 1.2 cycles for low concentration samples. Overall, the
average Cr value for low titer samples incrementally increased from 30.9 + 0.28 for the

neat sample to 37.3 for the 1:100 dilution.
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Average Cr values ranged from 23.9 + 0.13 for the neat sample to 29.8 + 0.19 for
the 1:100 dilution for moderate viral titer samples. As seen with the high titer samples,
there was a consistent incremental increase in average Cr value as the negative to positive
clinical sample ratio increased. It was determined using Tukey's test that the average Cr
values for the high viral titer dilutions were statistically distinct from each other.?*?> This
was also true for the moderate viral titer pools. However, for low viral titer dilutions, it was
determined that there was no statistical difference between means when the 1:50 dilutions

were compared to those diluted to 1:100 (p > 0.9999).

3.3.4. Double-blind Study — Clinical Saliva Study

Clinical saliva samples obtained using CRL COVID-19 Self Collection Testing
Kits were first analyzed at CRL, blinded, and then transferred to our lab to facilitate the
double-blind study. Pooling, enrichment, and extractions were conducted in the same
manner as described for samples of known viral concentrations. The presumptive
qualitative diagnoses (positive or negative) for dilution pools created using each of 10
blinded samples were 100 % concordant with clinical results; five positive and five
negative samples were accurately identified using the optimized pooling protocol. No
amplification was observed in the samples which were later confirmed as negative.

The amplification results for positive samples pooled up to 1:100 are shown in
Figure 3-7, along with the Cr value obtained from CRL following initial analyses at their
location (depicted as a colored, shaded bar). For sample X2 (Figure 3-7A), the average Cr
values obtained for the neat samples were ~1.5 cycles higher than the reported CRL value

(27.1) and ranged from 28.5 + 0.33 for the neat sample up to 33.3 for the 1:100 dilution (n
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= 3). Statistical analyses of X2 dilutions determined that there were no significant
differences between the neat samples vs. the 1:10 dilutions (p = 0.0931) or the CRL
reported value (p > 0.9999). Additionally, there were no statistical differences between the
data obtained for the 1:50 dilutions compared to the 1:100 dilutions (p = 0.0329).24%

In the case of sample X5 (Figure 3-7B), Cr values increased from a reported value
of 16.2 to 23.8 £ 0.19 for the neat sample up to 24.3 = 0.16 for the 1:100 dilution. Though
there was a general overall increase in average Cr values as the dilution factor increased,
the neat samples had a higher average Cr value than the 1:10 dilution. In this case, the
reported value was statistically different from the average Cr value for the neat samples (p
<0.0001). 2#2° There was no significant difference between the value obtained for the neat
samples vs. the 1:100 dilutions.

For sample X7 (Figure 3-7C), there was no apparent trend regarding changes in
average Cr values as dilution ratios changed. The only statistically distinct groups were the
neat samples compared to the 1:10 dilution (p = 0.0441).2*% More significant standard
deviations were observed in this group than in any other analyses of blind samples. The
average Cr values increased as the dilution ratio increased for samples X8 and X9 (results
summarized in Figures 3-7D and E, respectively). For X8, values ranged from 19.8 +0.13
to 28.0 + 0.36 as dilution ratios increased (CRL value = 18.1), while the average Cr values
ranged from 29.9 £ 0.36 to 35.7 £ 0.79 for sample X9 (CRL value = 25.2). Statistical
analyses showed that for sample X9, the 1:10 dilutions vs. 1:50, as well as the 1:50 vs.

1:100 were not significantly different (p = 0.1058 and 0.5762, respectively).
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Figure 3-7. Results of a blind study conducted using CRL clinical saliva samples. (A-E) summarize the data
obtained from evaluations of blinded CRL samples. Pools for each of 10 blinded samples were created and tested
according to the developed protocol and were found to be in 100% agreeance with the reported qualitative results (five
positive and five negative samples). The significant increase in Cr value obtained for b and e could be attributed to
collection at an earlier date than other positive samples. These may thus have had a lower viral load when analyzed
than at initial CRL testing. A negative clinical saliva sample was extracted according to the protocol described for
positive clinical samples. A, B, C, and D, and E represent X2, X5, X7, X8, and X9, respectively, and » = 3 in each
case.

3.3.5. Integration of Assay into a Microfluidic Format

Clinical saliva samples were analyzed using conventional vs. microfluidic methods,
and the results were compared. The portable, in-house 'Ultra-Rapid Real-Time
Microfluidic PCR Amplification' instrument used for the microfluidic analyses is shown in
Figure 3-2. After extraction and RT-PCR analyses, amplification was observed in all
reported positive samples tested for neat and 1:50 pools using conventional and
microfluidic methods. The average Cr values obtained for the traditional assays were 20.92
+0.947 and 24.37 = 0.158 for neat and 1:50 sample types, respectively. Microfluidic
analyses yielded Cr values of 24.3 + 0.58 and 29 (no deviation) for neat and 1:50 samples.

Additionally, the temperature profile obtained using a thermocouple to monitor the

progression of thermocycling in the microfluidic chip chamber is compared to that
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Figure 3-8. Comparison of temperature profiles
obtained for microfluidic vs. conventional
instruments. Temperature profile expected for the
conventional instrument (63 min runtime)
compared to that obtained via thermocouple
monitoring for the microfluidic instrument (25 min
runtime).
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projected for the conventional instrument in
Figure 3-8. The microfluidic device consistently
and accurately achieved target temperatures of 95
°C and 60 °C while significantly reducing the
overall assay runtime from 63 minutes to 27
minutes.

An increase of 3.5 units for the average Cr
values of the neat pools was obtained

microfluidically compared to conventional

methods. Additionally, there was an increase of 4.7 units when data for the 1:50 pools

obtained using microfluidic methods were compared to conventional methods. A graphical

comparison of Ct values obtained using conventional vs. microfluidic methods is given in

Figure 3-9.
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Figure 3-9. Summary of data obtained from a direct comparison of conventional and microfluidic methods -
Qiagen extraction & QuantStudio 5 RT-PCR vs. PDQeX extraction and amplification using the ultra-rapid instrument,

respectively. n = 3 in each case).



78

3.4. Discussion

A previously reported protocol for ultra-fast viral enrichment and enzymatic
extraction was used for upstream sample preparation from pooled SARS-CoV-2 samples
in multiple sample matrices.!'Here, viral transport media derived from nasopharyngeal
samples, fresh saliva spiked with VIM from nasopharyngeal samples, and saliva samples
obtained using a commercially available collection system spanning commonly observed
Cr values were analyzed using the adapted protocol, which leveraged magnetically-
actuated nanoparticles to capture and isolate virions from the clinical sample matrices.

To demonstrate the sensitivity and performance of the adapted protocol, average
Cr values acquired from RT-PCR of prepared viral RNA were compared. Relative viral
concentrations and potential effects of largescale dilutions were evaluated based on the
theory that any adverse effects arising from sample preparation or dilution steps would
result in slower or decreased amplification and comparatively increased Cr values. It was
expected that an increase in dilution factor would result in a corresponding rise in average
Cr value for dilutions within sample pools.? This general trend of a commensurate increase
in Crvalue and dilution factors reflects a synchronous reduction of the number of virions
in the overall volume. Here, we demonstrate successful enrichment, extraction, and
detection of virions with minimal loss of amplification or sample concentration with the

proposed workflow.

3.4.1. Pooling of Nasopharyngeal (VIM) Samples
Pooling studies were initially completed with VIM nasopharyngeal samples as

previous experiments had demonstrated the successful application of the method with
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clinical samples of this type.!! Here, dilutions of 1:10, 1:50, and 1:100 were evaluated;
although unlikely that pools of 1:50 or 1:100 will be utilized in practice, it was deemed
critical to assess the limits of the method as a measure of its large-scale applicability.
Neat VIM samples classified as having a high viral load (reported Cr value < 20)
were successfully detected from samples diluted up to 1:100. A general increase in Cr
value was observed for samples classified as moderate except for the 1:10 dilution, where
replicate Ct values were lower than that of the neat sample. Though this was unexpected,
statistical analyses (Tukey's multiple comparisons tests) found no significant difference
between these means, as described in the results section. It was determined that the
unexpected occurrence was not prohibitively detrimental to the comprehensive analysis of
the data set. Samples reported as having low viral loads were excluded from these analyses
as previous experiments showed that for samples of this type, as Ct values approached the
maximum number of cycles (40, in this case), it was more likely that the RNA was not

homogeneously distributed; consequently, distribution of data points was abnormal.!!

3.4.2. Pooling of Neat Saliva Spiked with VTM Clinical Samples

When clinical NP samples were spiked with fresh saliva, pooled, and prepared via
the previously described protocol, successful amplification was observed for high and
moderate viral titer samples. Yet, the theorized trend whereby Ct value was expected to
increase incrementally as the dilution factor increased was not evident. Previous work
demonstrated no significant difference in data obtained using diluted clinical VITM samples
compared to saliva diluted with in-house diluent buffer.!! However, in that case,

preliminary experiments only investigated dilutions up to 10X. The data reported here
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indicate stochastic deviations from the expected trend at higher dilutions. Presumably, as
the ratio of fresh saliva to sample increased, the inhomogeneity of sample matrices, that is,
VTM compared to saliva, induced disparate virion responses to sample enrichment.
Though alleviated by the addition of buffer solution, the viscosity of saliva also contributed
to the inhomogeneity of samples as mixing was likely inefficient.

Additionally, this was the only sample type where amplification of extracted
negatives was observed. Although the average Cr values approximated 40 cycles, this was
a nonideal occurrence and could likely be attributed to experimental contamination or,
potentially, the detection of a noninfectious, weak positive. It should be noted that the
saliva used was obtained from volunteers who had recently (within 3-5 days before
donation) tested negative for the presence of the virus. Consequently, while the spiking of
VTM into fresh saliva served to approximate workflow performance with pooled clinical
samples, the challenges associated with this sample type further validated the need to test

uncontrived saliva samples.

3.4.3. Pooling of Clinical Saliva Samples

The CRL COVID-19 Self Collection Testing kit, which includes the DNA Genotek
OMNIgene® ORAL (OME-505) device, was granted Emergency Use Authorization (EUA)
by the FDA in 2020 based on extensive trials and favorable results from performance
evaluations.?’ Consequently, this was deemed an ideal source of clinical saliva samples,
reflective of existing pandemic control measures.

Average Cr values increased stepwise for all clinical saliva samples, especially for

high and moderate viral titer samples. This observation was attributed to slight decreases
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in sensitivity as the negative to positive sample ratio increased. The increase was less
consistent for low viral titer dilutions, with the samples of higher dilution ratios statistically
approximating the cycle numbers for extracted negative samples. This observation was not
extraordinary, given the low virion concentration and the potential for associated stochastic
sampling. Nonetheless, qualitative detection in clinical samples with very low viral loads
was successfully demonstrated. Additionally, previous studies have indicated that the
likelihood of infectivity for patients whose samples are in this range is extremely low,
thereby minimizing the potential adverse effects that could result from similarly ambiguous
results.?’

The acquisition of more conclusive results with this sample type when compared
to data obtained for contrived saliva samples may also indicate that the buffering system
used plays a critical role in determining the feasibility of using saliva samples for
diagnoses; the commercially available test kit and the associated reagents appeared to
better stabilize and homogenize these samples than the in-house buffering solution, leading

to more facile downstream analysis.

3.4.4. Double-Blind study — Clinical Saliva Samples

The presumptive qualitative diagnoses obtained from pooled saliva samples diluted
as high as 1:100 from blinded samples were 100% in agreement with the reported clinical
results. Further, examination of the results from pooled samples shows that, generally, as
the dilution factor increased, so did Cr value. Beyond concordance, the values obtained

from these analyses were compared with those obtained from CRL; it was hypothesized
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that differences in Cr values would occur as sample preparation, extraction, RT-PCR, and
experimental conditions were not identical.

There was no statistical difference between the values we obtained for neat samples
and those reported by CRL for samples X2, X7, or X8 (Figures 3-7A, C, and D). However,
dissimilarities were pronounced for samples X5 and X9 (Figures 3-7B and E), for which
Cr values increased by 7.4 and 4.4 units, respectively. Interestingly, when results were
compared to clinical data to determine the degree of concordance, CRL reported that these
samples were several days older than the other eight blinded samples and, as such, may
have been adversely affected by sample degradation. This explains the disparity in average
Cr value; the initial viral load detected by CRL likely decreased during the elapsed period
while additional samples were accumulated, blinded, shipped, and finally analyzed by the
described method.

Despite fluctuations in average Cr values for X5 and X7 (Figures 3-7B and C),
successful qualitative diagnoses were achieved using the described pooling protocol. For
sample X7 specifically, these differences could be explained by the low initial viral load
indicated by Cr values of 33.1 (CRL) and 32.3 + 0.20 (experimental values). As seen with
low viral titer saliva samples in non-blinded experiments, these results can likely be

attributed to stochastic sampling.

3.4.5. Integration of Assay into a Microfluidic Platform
Given the successful application of the described pooling method to assays
conducted using a gold-standard RT-PCR instrument, namely the QuantStudio™ 5 Real-

Time PCR System for Human Identification, the next phase of experiments will entail
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optimization of the method for a novel portable, in-house 'Ultra-Rapid Real-Time
Microfluidic PCR Amplification' instrument as shown in Figures 3-2A and B. Preliminary
results shown here (Figure 3-9) indicate that the device is capable of decreasing the overall
runtime for the assay from approximately 63 minutes to 27 minutes (a total time reduction
of about 57%) when the assay, currently under optimization, is compared to the
manufacturer's (TaqPath™ [-Step RT-q-PCR Master Mix) recommended protocol.
Additionally, experiments indicate that this runtime can be reduced further. This reduction
was achieved by varying thermocycling conditions, for example, ramp rates and dwell
times, to determine the feasibility of acquiring satisfactory data while using conditions
other than those outlined by the manufacturer.

Figure 3-9 illustrates the results obtained when conventional methods — gold
standards for extraction and RT-PCR (Qiagen & QuantStudio 5) — are compared to those
obtained using the microfluidic platform. When neat and 1:50 dilutions of clinical saliva
sample pools were analyzed in parallel, the average Cr values acquired using the
conventional vs. microfluidic methods were statistically different (as determined by t-tests,
p = 0.0060 for comparison of neat samples and <0.0001 for 1:50 dilutions). However, the
potential for a substantial reduction in total runtime, the eventual goal of creating a fully
integrated portable instrument, and the demonstrated successful qualitative analyses of up
to 1:50 dilutions of clinical saliva samples serve to temper the nonideal increase in cycle
numbers. This instrument also introduces the potential for rapid, point-of-need (PON),
qualitative diagnosis of pooled samples in largescale settings pending the projected
integration of extraction and amplification stages into a single miniaturized total analysis

system.
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3.5. Conclusions

The application of an enrichment and extraction method to large-scale diagnostic
screening for SARS-CoV-2 is described herein. Experimental results indicate that the
technique is compatible with pooled samples up to dilutions of 1:100 and with a range of
sample types, including neat VIM eluate from NP swabs and saliva samples stored in DNA
Genotek's proprietary buffer solution for the OMNIgene® ORAL (OME-505) device.
Additionally, successful detection of SARS-CoV-2 was achieved for these sample types
with minimal loss in sensitivity and comprehensive qualitative accuracy. Still, in the case
of contrived saliva samples prepared by spiking NP-derived VIM into fresh saliva, the
results were inconclusive and inconsistent, suggesting that the in-house buffering solution
used for homogenization and stabilization of the saliva matrix requires further optimization
to perform comparably to commercial test kits. This is further substantiated by the fact that
the average Cr values obtained from our analyses of the saliva samples collected using
these kits approximated those from the third party despite undergoing shipment and multi-
day storage.

A double-blind study was also conducted to objectively investigate the performance
of this method when applied to "real world" use. The results of this study which utilized
the proposed method were 100% concordant with the reported clinical values, with the
accurate qualitative designation of five positive and five negative samples achieved,
suggesting the potential for obtaining accurate clinical diagnoses in clinical settings.?

Finally, preliminary experiments demonstrated the potential for the optimization of
the pooling assay for point-of-need (PON) deployment using a novel, ultra-rapid,

microfluidic PCR amplification device.
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4. Towards the Rapid, Point-Of-Need Diagnosis of SARS-CoV-2 using an
Ultra-Rapid Microfluidic PCR Instrument

4.1. Introduction

As discussed in Chapters 1 and 3, point-of-need instrumentation for molecular
diagnostics is attractive due to the potential for rapid, streamlined, and automated
detection.! This is especially pertinent regarding the detection of the SARS-CoV-2 virus,
as highlighted by the recent global pandemic. As discussed, some vital requirements for
the implementation of clinical tests include simplicity, cost-effectiveness, and speed.!? The
applicability of RT-PCR due to its sensitivity, specificity, and potential for incorporation
into process chains for rapid diagnostics has also been discussed.!™

Consequently, the work described here is an extension of that discussed in Chapter
3, wherein the application of enrichment, RNA extraction, and sample pooling of the
SARS-CoV-2 virus is described. These analyses also leverage foundational work
previously published by members of the Landers lab regarding initial enrichment and
extraction studies,’ the adaptation of this protocol to a centrifugal microfluidic device,® and
the design, fabrication, and validation of the ultra-rapid real-time microfluidic PCR
amplification instrument.* Here, the studies converge as a basis for evaluating the
applicability of these concepts in tandem, with an eye toward completing a process chain
from multiple unit operations, as detailed in Chapter 1, and the completion of an
integrated, miniaturized total analysis system (LTAs).

Preliminary experiments indicated the potential for reducing total assay runtime for
this application, with a 57% reduction in speed detailed in the previous chapter.?

Additionally, recent work published by Nouwairi et al. regarding the ultra-rapid real-time
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microfluidic PCR amplification instrument outlined an 84% reduction in PCR
amplification time for RNA and DNA targets in clinical samples.* This was achieved by
utilizing the rapid PCR kinetics associated with microfluidic technologies, hardware design
and manufacture, and the polymeric materials selected for the reaction cartridge.*
Combined with the inherent advantages of microfluidic systems regarding ease of
operation, reduced consumption of resources, the potential for integration, and reduced
cost, it was theorized that efforts to adapt the SARS-CoV-2 diagnostic assay to this system
were a worthwhile and potentially critical pursuit.

Here, proof-of-principle using viral plasmids as targets is demonstrated. First, the
optimization of the assay is investigated using a conventional instrument and an in-tube
platform, as the traditional instrument has a higher throughput capacity compared with the
microfluidic device; up to 96 in-tube assays can be analyzed simultaneously using the
QuantStudio™ 5 Real-Time PCR System for Human Identification, while the microfluidic
device analyzes a single sample for each amplification experiment. With this approach, the
most effective thermocycling parameters for rapid amplification were determined, and
further reductions in overall assay analysis runtime were tested with the microfluidic
platform. Of course, the ability to further decrease amplification and detection time with
the novel platform was made possible by leveraging its interfacing microfluidic chip.

As a proof of concept, validation experiments were completed using viral RNA
extracted from clinical saliva samples. However, it was impossible to conduct these
experiments due to logistical difficulties regarding access to the conventional

instrumentation. Still, the workflow detailed here includes the successful extraction of the
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RNA using the PDQeX Nucleic Acid Extractor before storage of these specimens for future
analysis.

Finally, a protocol for the recycling and reuse of microfluidic cartridges was
developed to conserve resources and mitigate the disruption of research due to shipping
and manufacturing challenges. The evolution of the recycling protocol and data associated

with its successful implementation are also outlined.

4.2. Materials and Methods

4.2.1. Preparation and Analysis of Clinical SARS-Cov-2 Samples

Although the extracted specimens remain in storage, the enrichment and extraction
techniques are described here as these activities have been completed and are to be used
for future validation experiments. As detailed in Chapter 3.2., saliva samples were
obtained using the DNA Genotek OMNIgene® ORAL (OME-505) device to stabilize viral
RNA in the CRL COVID-19 Self Collection Testing Kit from Clinical Reference
Laboratory, Inc. (CRL, Lenexa, KS, USA. Initial COVID-19 testing conducted at CRL was
performed using the CRL Rapid Response™ test with the FDA's Emergency Use
Authorization (EUA).” Initial diagnostic testing was conducted at CRL using the Zymo
Quick-DNA/RNA™ Viral MagBead kit (Zymo Research Corporation, Irvine, CA, USA)
on Tecan automated platforms (Tecan Life Sciences, Ménnedorf, Switzerland). RT-PCR
was performed using the Logix Smart™ Coronavirus Disease 2019 (COVID-19) kit (Co-
Diagnostics, Inc., Salt Lake City, UT, USA) using Bio-Rad CFX96™ Touch Real-Time

PCR detection systems with Bio-Rad CFX Manager 3.1 software (Bio-Rad Laboratories,
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Hercules, CA, USA). These samples were stored and shipped at room temperature to

researchers at the Landers Lab, University of Virginia.

4.2.2. Sample Pooling Protocol

The pooling protocol was identical to that described in Chapter 3.2.2. and illustrated
in Figure 3-1A. Briefly, sample pools of "high", "moderate," or "low" viral titer clinical
samples were created with the combination of 250 uL of three positive samples to form a
750 uL bulk sample. These samples were then combined with negative clinical samples in
the appropriate volumes to achieve 1:50 dilutions, while a portion was designated for

analysis as the "neat" samples.

4.2.3. RNA Extractions using the PDQeX Platform

This process is outlined in Figure 4-1 and is an abbreviated version of that
described in Figure 3-1. Samples were first enriched via nanoparticle pre-concentration.>>
Positive and negative clinical samples were combined in the appropriate proportions to
achieve "neat" and 1:50 pools with a total volume of 500 puL (Figure 4-1A). A total of 100
pL of Nanotrap® Magnetic Virus Particles (CERES Nanosciences, Inc, Manassas, VA,
USA) were added to each dilution pool and thoroughly mixed via vortexing. The
supernatant was removed, and the extraction cocktail was added. The cocktail included 88
pL of nuclease-free water, 2 pL. of RNAGEM (MicroGEM US Inc., Charlottesville, VA,
USA), and 10 pL of 10 X BLUE Buffer (MicroGEM, Charlottesville, VA, USA). After
thoroughly vortexing the pooled sample and the extraction cocktail, the mixture was

transferred to a PDQeX cartridge before thermocycling in the PDQeX Nucleic acid
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Extractor (MicroGEM, Charlottesville, VA, USA) at 95 °C for 5 minutes (Figure 4-1B).
This process was repeated for each dilution pool, and aliquots of extracted samples were

stored at -80 °C for future use (Figure 4-1C).
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SARS-CoV-2 Positive
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Figure 4-1. Schematic outlining the enrichment and extraction process employed for clinical saliva samples. (A)
shows the pooling of positive clinical samples. (B) Dilution of positive pool using pooled negative clinical samples.
(C) Storage of extracted RNA at -80 °C until further analyses.

4.2.4. Optimization of Thermal Cycling Parameters
RT-PCR protocol

The Cr data obtained from RT-PCR experiments were used to evaluate the relative
success of upstream preparation and detection of SARS-CoV-2 viral RNA in pooled and
diluted samples. The selected RT-PCR assay was developed by the Centers for Disease
Control and Prevention (CDC) under an emergency use authorization (EUA) in February
2020.7 The 2019-nCoV_N Positive Control plasmid (Integrated DNA Technologies,
Coralville, IA, USA) was serially diluted to obtain concentrations of 1000, 100, 50, and 10
copies/uL and used as positive controls for real-time RT-PCR. Each reaction was a total

volume of 20 pL and was comprised of 5 uL of plasmid (positive controls) or PCR-grade
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water (non-template controls), a 5 pL of TaqPath™ 1-Step RT-q-PCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA), 1 puL of SARS-CoV-2 (2019-nCoV)
CDC RUO NI primer-probe mix (Integrated DNA Technologies, Coralville, IA, USA),
and 9 pL of PCR-grade water. Samples were run in either triplicate or quintuplicate using
the suggested protocol for the TaqPath™ 1-Step RT-q-PCR Master Mix, including UNG
incubation at 25 °C for 120 s, reverse transcription at 50 °C for 900 s, polymerase activation
at 95 °C for 120 s, and 40 amplification cycles (95 °C for 3 s and 60°C for 30 s). As plasmid
was used for these experiments, the reverse transcription step was not integral and was thus
reduced to 1 s. Samples were analyzed using a QuantStudio™ 5 Real-Time PCR System

for Human Identification (Applied Biosystems, Waltham, MA, USA).

Optimization using the conventional instrument

Initial experiments to determine optimal conditions for rapid RT-PCR were
conducted using a conventional instrument — the QuantStudio™ 5 Real-Time PCR System
for Human Identification (Applied Biosystems, Waltham, MA, USA). The most efficient
but rapid thermocycling parameters were systematically determined by stepwise variations
using the conditions described in the previous section as a starting point. Firstly,
experiments were conducted with and without the inclusion of the UNG incubation step
while adhering to all other manufacturing conditions, and the data obtained were compared.
Subsequently, the polymerase activation step was optimized by testing periods of 2 min
(manufacturer's protocol), 1 min, and 30 s. Denaturation and annealing (amplification

cycles) were optimized by testing dwell times of 3 vs. 1 s, and 30, 15, 7, and 1 s,
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respectively. All experiments were conducted using the instrument's default ramp rate of

about 2.73 °C/s.

Optimization using the microfluidic instrument

After optimization of thermal cycling parameters on the conventional instrument,
the parameters were applied to the microfluidic device, and further reduction of assay time
was investigated. The initial thermal cycling program excluded UNG incubation and
utilized 2 min at 95°C for polymerase activation, 1 s at 95° C for denaturation, and 7 s at
60 °C for annealing. Denaturation and annealing steps were repeated for a total of 40
cycles. (These parameters are discussed further in the following Results and Discussion
section). Given the derived parameters, ramp rates of 8, 10, and 12 °C/s were first
evaluated. This was followed by testing 2 min, 1 min, 30 s, and 15 s dwell times for
optimization of the polymerase activation step, and 7 vs. 1 s for the annealing step. Note
that the denaturation step required no further optimization, as it was already held for 1 s.

These experiments were conducted using an injection-molded, custom
polycarbonate microfluidic chip. As detailed by Nouwairi et al., the inlet and amplification
chamber had total capacities of 50 and 40 uL, respectively, and were connected via two
channels. Additional pieces of heat-stable, biocompatible, adhesive-backed polymeric film
(100 um thick) were used to enclose the architecture on either face of the chip. These pieces
were cut using a CO; laser cutter (VLS3.50, Universal Laser Systems, AZ, USA).
Following the input of reagents via pipetting, a ball press was used to place a polymeric
ball (McMaster-Carr, IL, USA) into the inlet to hermetically seal fluid into the chip. The

assembly of the components used in this process is summarized in Figure 4-2. Fluid was



97

centrifugally transferred into the PCR amplification chamber (Figure 4-2A) before the

cartridge was placed into the mechatronic system (depicted in Figure 3-7, for reference).

Ball Insert

Sample Inlet

PCR Chamber

Figure 4-2. Cartridge images against a dark background captured using a lightbox and Huawei smartphone.
(A) shows the cartridge before the introduction of liquid into the cartridge via the inlet. The ball insert is placed using
a ball press and serves to create a hermetically sealed system. (B) shows the sealed cartridge with yellow food dye in
the inlet chamber for illustrative purposes. (C) shows the cartridge following the centrifugally driven transfer of the
fluid to the PCR chamber for analysis.

Data Acquisition and Analysis

In all cases, optimization experiments were conducted using the 2019-
nCoV_N Positive Control plasmid (Integrated DNA Technologies, Coralville, IA, USA),
which was serially diluted to obtain a concentration of 100 copies/uL and used as a standard
analyte. Additionally, as described in the previous section, TaqgPath™ 1-Step RT-q-PCR
Master Mix and the associated chemistry were used for all experiments.

Following data acquisition, analysis and statistical comparisons were conducted
using GraphPad Prism version 9.3.1. (350) for macOS, GraphPad Software, San Diego,
California USA, and Microsoft Office Excel. Baseline determination, subtraction, and

Following data acquisition, analysis, and statistical comparisons were conducted using
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GraphPad Prism version 9.3.1. (350) for macOS, GraphPad Software, San Diego,
California USA, and Microsoft Office Excel. Baseline determination, subtraction, and
thresholding for the conventional instrument were performed using the device's software,
exported, and analyzed.®® As outlined by Nouwairi et al., in the case of the microfluidic
apparatus, the average fluorescence signal from the third to 15" cycles was subtracted from
each data point along the curve, and the mean baseline was determined through the
calculation of the overall mean of all average baseline.*® The threshold was set as three
times the standard deviation of the comprehensive mean baseline, while the amplification
curves graphed relative fluorescence units vs. cycle number. As is common practice, the

cycle threshold values were then defined as the points at which the amplification curves

crossed the threshold.’

4.2.5. Cartridge Recycling Protocol

Cartridge recycling was conducted using batches of < 20. First, the adhesive was
pierced and removed using a small gauge (~ 20 g) needle. The cartridges were then
submerged in 90% isopropanol (IPA, Sigma Aldrich, St. Louis, MO) (v/v, in PCR-grade
water) for five minutes. Cartridges were removed from 90% IPA, and the adhesive was
peeled from the cartridge manually. The cartridges were then resubmerged in 90% IPA for
another 5 minutes. Any remaining glue was removed from the cartridges using WypAIl®
General Cleaning Wipes (Kimberly-Clark, Irving, TX, USA) dampened with 90% IPA.

Any residual IPA was removed by thorough rinsing with deionized (DI) water. The
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Figure 4-3. Outline of cartridge recycling protocol. (A) depicts ball removal. After adhesive is pierced, moderate
force is required to expel the insert from the inlet. (B) shows a lateral view of chips submerged in IPA. (C) shows the
removal of polymeric adhesive from the cartridge. (D) illustrates the submersion of the cartridge in soap solution after
removal of polymeric adhesive and residue. € shows the cartridges in soap solution as rotation occurs. (F) This image
shows submerged cartridges in the sonication basket. (G) shows submersion in RNase Decontamination Solution. (H)
Sterilized chips as arranged before the drying step.

cartridges were then submerged in a soap solution (~ 750 mL) and rotated using a Labline
4631 Platform Rotator Shaker (Marshall Scientific LLC, Hampton, NH, USA) for ~5
minutes before rinsing with DI water. Subsequently, the microdevices were placed into a
sonicator basket and submerged in a Digital Ultrasonic Cleaner (Seeutek) with 10%
Cavicide Disinfectant Cleaner solution (750 uL) (Metrex Research, LLC., Orange, CA,
USA) and cleaned for ten minutes at room temperature. These were then removed and
rinsed with DI water before an additional submersion in the sonicator basket — the cleaning
solution for this step was 750 pL of 20% bleach solution.

After cleaning for seven minutes, another rinse step was conducted, and excess
water was drained from the cartridges. This was followed by submersion in RNaseZap™
RNase Decontamination Solution (Invitrogen, Waltham, MA, USA) for ~ 3 minutes before
a final rinse with DI water. Cartridges were then placed on a sheet in single layers and

covered before being left for > 24 hours to dry. This process is summarized in Figure 4-3.
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The dried and sterilized chips were then stored in a sealed container with layers separated
using sheets until required for experiments. Randomly selected cartridges were assembled
and used to perform RT-PCR under the same conditions discussed in previous sections to
verify successful sterilization. Non-template controls were used to evaluate the sterility of
the recycled cartridges using the microfluidic instrument. Additional negative controls

were run using the Quant Studio 5 instrument to confirm results.

4.3. Results and Discussion

Preliminary studies showed that the microfluidic device could be used to achieve
an assay runtime reduction of 57%.2 As was the case in the previous phase of experiments,
there was no modification of the amplification mixture used for RT-PCR. A further
reduction of amplification runtime with minimal losses in assay sensitivity is discussed
here.

Although optimization experiments were devised to facilitate adaptation to the
microfluidic instrument, initial optimization experiments were conducted with the
conventional instrument due to the primary drawback of the novel platform — only a single
sample can undergo RT-PCR using this device at any time. Conversely, up to 96 samples
can be analyzed simultaneously using the Quant Studio 5 instrument. The process of
obtaining a statistically significant number of replicates for each adjustment of parameters
and the inclusion of non-template controls made early adaptation to the microfluidic
apparatus impractical. As such, after maximizing the use of the conventional instrument to
derive a baseline rapid thermocycling program, assay time was further reduced using the

microfluidic device and interfacing chip. Controls were run with each experiment; note
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that non-template controls were excluded from bar charts, as there were no observations of

their amplification and detection.
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Figure 4-4. Amplification curve obtained using manufacturer’s
protocol. This protocol was paired with conventional instrument to
determine a basis of comparison for subsequent adjustment of
parameters (n = 5).

Table 4-1. Summary of Cr data obtained using the
manufacturer’s protocol and conventional instrument (n = 5).

Replicate C;Value

1 31.783
2 32.110
3 32.568
4 32.335
5 31.188

4.3.1. Optimization of Thermal
Cycling Parameters
RT-PCR protocol

The average assay runtime for
the RT-PCR experiments conducted
using the manufacturer's protocol and
the conventional instrument was 63
min and 11 s. The sensitivity and
performance  of the adapted
parameters were determined by
statistical comparison to the average
Cr values obtained using these
conditions. The amplification plot
derived using these parameters is
given in Figure 4-4, and a summary
of Cr data obtained is shown in Table

4-1. Briefly, the Cr values for

replicates amplified at a concentration of 100 copies/uL averaged ~31.997; this served as

a baseline for the optimization of individual parameters moving forward.
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Optimization using the conventional instrument

The UNG incubation step was the first parameter evaluated to determine whether
or not this step in the workflow was required. The UNG, or uracil-N-glycosylase gene, is
often included in master mixes to prevent "carryover" contamination, a type of
contamination that may originate from the 40

laboratory environment or amplification products

O8]
o
T

and primers used in previous experiments that may

produce false positives.!®!! Additionally, UNG

Average C;
N
o

—_—
o
T

degrades mis-primed or nonspecific products in the

reaction mixture while leaving the reproduced 0

o ) UNG No UNG
nucleic acid template intact.!? Recall that the goal of
Figure 4-5. UNG vs. No UNG. This bar chart

. . . . comparing data obtained when the necessity
this work is to develop a rapid protocol to contribute  of the UNG step was evaluated (n = 5). There

were no instances of amplification observed

to the fastest viable sample-to-answer microfluidic ~fr the non-template controls.

workflow, the inclusion of this step was evaluated by comparing data obtained with the
exclusion of the UNG incubation step. A bar chart comparing data obtained in each case is
shown in Figure 4-5., which demonstrates no statistical difference between means (p
<0.05, o = 0.05), and the UNG step was excluded from the thermocycling program for the
next stage of optimization experiments.

In addition to the manufacturer's recommended dwell time of 2 min, 1 minute and

30 s dwell times were evaluated for the polymerase activation step. The polymerase
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Figure 4-6. A schematic depicting the extension of 3’ end of a PCR primer in the 5’ to 3’ by DNA polymerase.
This highlights the necessity of polymerase activation for the successful amplification of target nucleic acids. The
term dNTP refers to deoxyribonucleotide triphosphate (ANTP), the substrates for DNA polymerizing enzymes. [11]

activation step is critical to successful amplification as the DNA polymerase synthesizes
new complementary strands from the single-stranded template DNA. They are
characteristically active in the 5° = 3’ direction, thereby incorporating nucleotides and
facilitating extension at their 3° ends in the same direction.!?"!* Figure 4-6 (Thermo Fisher
Scientific) illustrates and summarizes this mechanism of action. Average Cr values of 32.8
+ 0.339, 32.5 £ 0.401, and 30.0 = 2.376 were obtained for 2 min, 1 min, and 30 s dwell
times, respectively. There was no statistical difference between means obtained when the
2 min dwell time was compared to the 1 min (p =0.5992) and 30 s (p = 0.1630) dwell times
(oo = 0.05 in all cases).® Despite these findings, it was decided that it would be best to
proceed using the recommended 2-minute period as this data set showed minor deviation
between replicates. Additionally, the inclusion of this step would not contribute
significantly to the overall runtime — at best, a minute and a half would be subtracted from

the total time.
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Figure 4-7. Comparison of data
obtained for optimization of the
polymerase activation step using the
conventional instrument. There was
no statistical difference between means
(p < 0.05) (n = 5). There were no
instances of amplification observed for
the non-template controls.
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Figure 4-8. Comparison of data obtained for optimization of the
amplification cycling steps using the conventional instrument. (A)
Data obtained for the denaturation step which was not statistically
different when analyzed using a t-test (p = 9470). (B) Data obtained for
annealing step which was not statistically different (p = 0.8398). n=>5
and o = 0.05 in both cases. There were no instances of amplification

observed for the non-template controls
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This could be critical in some reactions, but it was

determined to be an acceptable compromise in this case,

as finetuning would occur using the microfluidic device.

This data is summarized in Figure 4-7.

Regarding the cycles of the 2-step amplification

program, including denaturation and annealing, decreased

hold parameters were also investigated. For denaturation,

the manufacturer-recommended 3 s dwell time was tested

in addition to a reduced 1 s dwell time. The average Cr

values obtained were 32.8 £ 0.339 and 32.4 + 1.143 for 3

and 1 s dwell times, respectively. An unpaired t-test

40

30

20

10

0

30 15 7
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analysis showed no significant
difference between the means (p
= 0.9470) at a 95% confidence
interval ®

Finally, 15 and 7 s dwell
times were evaluated for the
annealing step, in addition to the
manufacturer-recommended 30 s,
and the average Ct values
obtained were 32.4 + 1.144, 33.1

+ 0.164, and 32.7 + 0.987,

respectively. There were no statistically significant differences between the means when
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tested with a 95% confidence interval (p = 0.8398). These data are shown in Figure 4-8.
Given these results, the 1 s and 7 s dwell times were optimal for the denaturation and
annealing steps, respectively. The optimal thermocycling parameters for rapid RT-PCR for
this assay using the conventional instrument are summarized in Table 4-2. As evidenced

by this data, the runtime was reduced from 63 min 11 sto 34 mand 5 s.

Table 4-2. Optimized thermocycling RT-PCR protocol derived using the conventional Instrument. Manufacturer-

recommended dwell times follow the optimized time in parentheses for reference.

# OF CYCLES TEMP. DWELL TIME

1 NO UNG incubation - - -
2 Polymerase activation 1 95 °C 2 min (2 min)
Amplification - Denaturation 95 °C 1s(3s)
3 40
L . 60 °C 7s(30s)
Amplification - Annealing

Optimization using the microfluidic instrument

As previously discussed, optimization experiments on the microfluidic platform
utilized the thermocycling protocol described in Table 4.2 as the starting point for
experiments. Still, ramp rate reduction was made possible by the unique hardware specific
to the device and the physics associated with the microfluidic interface. As detailed in the
publication outlining the validation of this instrument, it was theorized that the direct
interfacing between the Peltiers and the PCR chambers would facilitate rapid heat transfer.*
Additionally, as discussed in Chapter 1, the transition to the microfluidic platform, despite

the use of identical volumes, resulted in a higher surface-area-to-volume ratio, accelerating
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the kinetics of the reaction.*!> Ramp rates were also adjusted before moving on to
optimization of dwell times based on kinetics — the amplification rate correlates to the
speed at which thermal cycling occurs.!!

The ramp rates used to evaluate the optimum conditions for ultra-rapid
amplification were 8, 10, and 12 °C/s. Previous validation experiments report that 12 °C/s
is the fastest ramp rate possible without requiring significant power consumption.* This is
a critical consideration as the long-term goal is to achieve an integrated, portable, and field-
deployable instrument for point-of-need diagnostics. Similarly, a cooling rate of 10 °C/s
was used in all cases based on validation data.

It should be noted that the manufacturers of the conventional instrument (Quant

40 Studio 5), Thermo Fisher, report that the

device has one of the highest temperature

w
o
T

ramping capacities available for commercial

instruments of this type. Still, the maximum

Average C;
N
(@

10 + suggested ramp rate for the 0.2 mL 96-well
0 block model is listed as 6.5 °C/s. Considering
N \(LQ >§2 this, achieving a 12 °C/s ramp rate with a

C)Oé field-deployable device would be an

Ramp Rate (°C/S) exceedingly favorable alternative to using a

Figure 4-9. Optimizarion of ramp rate using the less rapid instrument within the confines of a

microfluidic instrument. There were no statistical

differences between means at the 95% confidence level ~entral laboratory. Figure 4-9 summarizes the
(n = 5 for the conventional assay and » = 3 for the

microfluidic assay). CONV+MP denotes the average

Cr data obtained using the conventional instrument and data obtained from the ramp rate optimization
manufacturer’s protcol.

experiments. CONV+MP refers to analyses
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performed using the manufacturer-recommended protocol and the conventional
instrument.

The average Cr values obtained were 32.2 = 1.258, 31.0 (no deviations, denoted
ND hereafter), and 32 (ND) for 8, 10, and 12 °C/s, respectively, as compared to 32.0 +
0.538 obtained using the conventional instrument and the manufacturer's protocol. A one-
way ANOVA test showed no significant difference between means (p < 0.05). Further,
there were no statistical differences when the Cr values obtained using the microfluidic
instrument were individually compared to those obtained using the conventional device
and the manufacturer's protocol; QS5 vs. 8, 10, and 12 °C/s comparisons yielded p values
0 0.9736, 0.1597, and > 0.9999, respectively.® o = 0.05 in all cases. As such, a ramp rate
of 12 °C/s was chosen for subsequent assays.

The dwell times for the polymerase
40

activation step were evaluated similarly. 2 min,

w
<

I min, 30 s, 15 s, and 1 s dwell times were

analyzed to determine optimal conditions. The

Average C;
N
?

average Cr values obtained were 32.0 (ND),

—
<

32.0£1.000, 33.0 (ND), 33.0 + 1.000, and 32.3

0 + 1.155 for 2 min, 1 min, 30 s, and 15 s and 1s
q}{\\(\ (&Q er"o ,\93(0 \% ®Q

N QX ) . .
O% dwell times, respectively (Figure 4-10). There
O
Dwell Time were no statistical differences between means

Figure 4-10. Optimization of the polymerase hen g one-way ANOVA test was conducted
activation dwell time using the microfluidic

instrument. There were no statistical differences ) )
between means at the 95% confidence level (n = 5 for (o0 = 0.05). QS5 vs. 2 min, 1 min, 30s, 15 s, and

conventional and 3 for microfluidic assays, o = 0.05).

1 s yielded p values of > 0.9999, > 0.9999,
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0.3052, 0.3052, and > 0.9650, respectively.® Therefore, the selected dwell time moving
forward was 30 s, as it was the fastest time tested for which there was no deviation between
replicates. Recall, this is a critical step in the PCR process. It was thus important that the
results be reproducible at this stage.

Finally, the dwell times for the denaturation and annealing stages were tested.
Similar to before, no further optimization was required for the denaturation step as the
minimum dwell time of 1 s had been achieved. For the annealing step, however, the 7 s
time derived from optimization using the conventional instrument was compared to 3, and
1 s dwell time to evaluate performance. The average Ct values obtained were 33.0 (ND),
35.6 + 0.577 for 7 s and 3 s dwell times, respectively (Figure 4-11). The maximum Cr
value of 40 was assigned for assays conducted using the 1 s dwell time as there was no
amplification in any of the replicates tested. In this case, there were statistical differences

40

between the average Cr values obtained

when tested using a one-way ANOVA.8

w
o

Additionally, when the CONV+MP

value was compared to each dwell time, the

Average C;
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7s, 3s, and 1s data were statistically

different with p values of 0.0246, < 0.001,
7 3 1 CONV+MP

Dwell Time (s) and < 0.001. Therefore, the 7 s dwell time

Figure 4-11. Optimization of dwell time for the Was deemed most appropriate for
annealing step using the microfluidic instrument. There
was no amplification for assays performed using the 1 s
dwell time and the maximum cycle value of 40 was
assigned. In this case, there were statistical differences
observed between means (n = 5 for conventional and 3 for values obtained were statistjcaﬂy different
microfluidic assays). CONV+MP denotes the average Cr

data obtained using the conventional instrument and ) )
manufacturer’s protocol. a = 0.05. from the average Ct values obtained using

amplification moving forward. Though the
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the manufacturer's protocol and Quant Studio 5, they were statistically similar to those
obtained using the conventional instrument and the rapid protocol with a 7 s dwell time for
the annealing step (p = 0.2925, a. = 0.05).

Additionally, given that the average cycle values were 33.0 (ND) for the 7 s dwell
time using the microfluidic platform vs. 32.0 + 0.538 using the conventional device and
manufacturer's protocol, the slight increase in cycle number and associated decrease in
sensitivity are not likely to be prohibitive. Further, the overall assay runtime was decreased
from 63 m and 11 s to 13 min and 30 s — a reduction of approximately 50 min (79%). It is
reasonable to conclude that the statistical difference could be perceived as an acceptable
loss given the potential for the ultra-rapid PON diagnosis of the SARS-CoV-2 virus.

In summary, the optimized program includes a ramp rate of 12 °C/s, a 30 s
polymerase activation step at 95 °C, a 1 s denaturation step at 95 °C, and a 7 s annealing

step at 60 °C, with 40 amplification cycles.

4.3.2. Cartridge Recycling Protocol

As was the case in most research laboratories and clinical facilities during the peak
of the SARS-CoV-2 pandemic, there were difficulties regarding the replenishment of
microfluidic chips for use in this and other projects in progress due to supply chain
limitations. Here, a recycling protocol was developed and validated to mitigate the impact
of this occurrence and reuse chips while also ensuring the removal of any reagents or
amplicons from the reaction chambers.

The success of the protocol was evaluated by conducting PCR experiments using

the conditions derived above, non-template controls, and microfluidic cartridges that had
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been recycled and assembled. Ideally, following the recycling protocol no amplification
would be observed, indicating successful sterilization of the microfluidic cartridges.

The amplification mixture was prepared with a portion designated for analysis
using the conventional instrument and the remainder to be analyzed using the microfluidic
device. The assays run on the traditional instrument served as controls as it was theorized
that amplification observed on both instruments would indicate an issue with the master
mix; conversely, if amplification was detected for microfluidic samples but not observed
in conventionally run samples, this might indicate microbial activity or microfluidic
instrument malfunction and simplify the troubleshooting process. This was critical to
verify, as initial experiments showed consistent amplification when recycled chips were
tested for sterility. However, the amplification was later linked to reagent contamination
rather than ineffective sterilization.

A vital consideration when devising this procedure was the most efficient way to
remove the polymeric sheets and adhesives from the surface of the chip without causing
physical or chemical defects leading to device failure, including cracks, scratches, or
etching. This eliminated the use of several physical and chemical disassembly strategies
initially under consideration.

First, 90% isopropyl alcohol was selected as a method to remove the polymeric
sheets and requisite adhesives from the primary chip. This was chosen after unsuccessfully
exploring alternatives, including gun cleaner (as suggested by the manufacturers of the
sheets) and mineral oil. According to the safety data sheet, the gun cleaner was 70 — 90%
acetone, 5 — 10 % carbon dioxide, 5 — 10 % toluene, and 1 — 5 % orange terpenes.'®

Exposure of the chips to the 90% IPA solution was minimized to prevent physical damage.
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Next, the soap solution (as detailed in Materials and Methods) was included to remove
visible residue and debris from the chip's surfaces. The bleach, Cavicide Disinfectant
Cleaner solutions, and RNaseZAP™ were sequentially formed to eliminate viral and
bacterial contaminants.!”!?

As shown in Figure 4-12, no amplification was observed for replicates run using

the microfluidic or conventional instrument. This was indicative of a viable protocol, and
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Figure 4-12. Amplification plots obtained from validation of the chip cleaning protocol. (A) shows the plot obtained
from the microfluidic instrument (n = 5) while (B) shows that obtained using the conventional instrument (n = 7). There
was no amplification observed in either case.

further validation was obtained as additional researchers performed the protocol

independently with similar outcomes.

4.4. Conclusions

The optimization of thermocycling parameters for the adaptation of a SARS-CoV-
2 diagnostic assay to an ultra-rapid microfluidic PCR instrument is described here. This
entailed the systematic adjustment of RT-PCR conditions, first on a conventional
instrument (QuantStudio™ 5 Real-Time PCR System for Human Identification) and then
on a microfluidic device, to determine the shortest overall runtime for the assay that can be

used without significant losses to sensitivity. The transition from an in-tube format to a
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microfluidic platform was also investigated in this process. These proof-of-concept
experiments are the basis for applying the adapted RT-PCR protocol to the extracted
clinical saliva samples for method validation.

When the optimization experiments using the conventional instrument, the
QuantStudio™ 5 Real-Time PCR System for Human Identification, were completed, the
runtime required for successfully amplifying and detecting the 2019-nCoV_N_Positive
Control plasmid was reduced from 63 min and 11 s to 34 min and 5 s. This was further
reduced when optimization experiments were conducted using the microfluidic device,
giving a final runtime of 13 min and 30 s, a 50 min (79%) time reduction. Additionally,
these objectives were achieved with no adjustments to the amplification mixture chemistry
and minimal sensitivity loss (< £ 1 Cr unit).

These experiments indicate the potential for eventually realizing an on-site, ultra-
rapid diagnostic platform for detecting SARS-CoV-2 that serves communities at the point

of need.
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5. Towards the Ultra-Rapid, Multitarget, On-site PCR Detection of
Bordetella Species on a Miniaturized Real-time PCR System

5.1. Introduction

Whooping cough, commonly known as pertussis, is a highly contagious respiratory
disease caused by the Gram-negative coccobacillus Bordetella pertussis.'* According to
the Centers for Disease Control and Prevention (CDC), there are an estimated 24.1 million
cases of pertussis and approximately 160 700 deaths annually.>® Pertussis epidemics
usually occur in three to five-year cycles, with the infection typically being transferred
from adolescents and adults to susceptible infants. ! While pertussis in adolescents and
adults is generally mild, infants, especially those under five months old, often have severe
and sometimes fatal symptoms.'-* These symptoms may include paroxysmal cough, which
gives the illness its name, lymphocytosis, dysregulated secretion of insulin, alterations in
neurologic function, and post-tussive vomiting, which may result in malnutrition and
dehydration.? Although additional species exist in the Bordetella family, pertussis is most
often observed in cases of human infections. Pertussis may spread rapidly within
populations via contact with airborne droplets.” The basic reproductive number (Ro) of this
illness, a term that refers to the expected number of secondary cases produced by a
confirmed primary case in a completely susceptible population, has been reported to be
higher than those observed for polio, rubella, smallpox, mumps, and diphtheria, with one
infected person potentially transmitting B. pertussis to as many as 12 — 17 other individuals.
For comparison, the number of infections estimated to be transferred from an infectious to

susceptible person for polio and smallpox is 5 — 7.7
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Given this disease's highly contagious nature, several diagnostic methods are
currently in use to lessen the spread of pertussis by early detection and treatment of infected
persons. These methods include bacterial culture, serology, direct fluorescent antibody
(DFA) methods, and polymerase chain reaction (PCR) techniques.*’ Of these methods,
culture is reported to be 100% specific and is often referred to as the “gold standard”. 78
However, it is also less sensitive than other methods, with a 12 — 60% sensitivity rate and
the drawback of lengthy incubation periods.*” Conversely, real-time PCR assays have
shown higher sensitivity and specificity, with rates of 70 — 99% for sensitivity and 86 —
100% for specificity.*’ As such, PCR analyses are currently the primary method of
detection and diagnosis.

Most PCR tests currently used achieve diagnoses by detection of insertion
sequences. Insertion sequences refer to “transposable DNA elements approximately 1 000
base pairs in length that can be inserted into multiple sites on the same chromosome”.!
These insertion sequences are usually present in multiple copies per genome, thereby
increasing the sensitivity of PCR analyses. Typically, clinical diagnoses target a single
gene sequence, usually 1S481, as it is a multicopy sequence and inherently confers higher
sensitivity. Estimates of the number of copies per B. pertussis genome range from 50 to as
many as 238.1410 Unfortunately, the prevalence of this insertion sequence can also result
in false positives and false negatives. False-positive diagnoses are generally more likely as
copy numbers of targets increase because DNA contamination is more readily
amplified.!-3*8:10.11 Stj]], a pilot study conducted in February 2010 in the United Kingdom
found that approximately 80% of laboratories relied solely on the detection of 1S481 for

the diagnosis of whooping cough.!! Although this study was conducted some time ago,
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data reported by the CDC indicates that this is still the primary target of PCR analyses for
pertussis diagnoses.!?

To circumvent the issue of false-positive diagnoses, secondary insertion sequences
are often tested. This strategy is also recommended by the CDC.!? Another insertion
sequence, 1S1002, is secondary in prevalence to IS481 and is often suggested as a means
of confirming positives. It is found in B. pertussis with 4 to 8 copies per genome.! In
tandem, the IS481 target could be used as a highly sensitive screening assay, while the
IS1002 target serves as a confirmatory tool.!

Given this information, a method of detecting B. pertussis and diagnosing
whooping cough with high sensitivity and specificity is detailed herein. In addition to
validating these insertion sequences, the protocol is further optimized for adaptation to an
ultra-rapid microfluidic PCR platform to create a rapid, low-cost, point-of-need (PON)
assay. A PON assay could facilitate mitigation of community outbreaks in susceptible
populations, for example, in school settings.

This protocol was optimized by evaluating experimental parameters using a
conventional PCR instrument before adapting to a microfluidic platform. Thermal cycling
parameters were systematically assessed to determine the fastest feasible runtime with
minimal losses in sensitivity. This process is similar to that described in Chapter 4, where

the PCR protocol is optimized and adapted to use with a microfluidic platform.
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5.2. Materials and Methods

5.2.1. Preparation of Standards

Standard samples of Bordetella pertussis UT25 genomic double-stranded DNA
(Vaccine Development Center, WV, USA or ATCC, Manassas, VA, USA) with a
concentration of 1.0 ng/pL were prepared using molecular biology grade nuclease-free

water (Fisher Scientific, Pittsburgh, PA, USA) as diluent.

5.2.2. Real-time PCR

Each reaction totaled 20 uL and comprised 2 pL of template DNA or nuclease-free
water, as appropriate, 10 pL of Luna® Universal Probe qPCR Master Mix (New England
Biolabs Inc., Ipswich, MA, USA), 0.8 uL of 10 uM forward primer (Eurofins Genomics
Company, Louisville, KY, USA), 0.8 uL of 10 uM reverse primer (Eurofins Genomics
Company, Louisville, KY, USA), 0.4 puL of probe, (Eurofins Genomics Company,
Louisville, KY, USA), 2 uL of template DNA, and 6 pL of nuclease-free water. The
primers and probes used were specific to the targeted insertion elements (IS1002 and
IS481) as appropriate and were based on those detailed by Roorda et al.!! These are shown

below in Table 5-1.



120

Table 5-1. DNA sequences of primers and probes directed against the insertion sequences used in this study.
These sequences were based on those detailed by Roorda et al.!!

PRIMER/PROBE s -
TEMPLATE (LABEL) SEQUENCE (5’-3’)
1S481 Forward primer GCCGGATGAACACCCATAAG
Reverse primer GCGATCAATTGCTGGACCAT
Probe (FAM) CGATTG ACC TTC CTA CGT C [MGBEQ]
(19mer)
1S1002 Forward primer CTA GGT CGA GCC CTT CTT GTT AAC
Reverse primer GCG GGC AAG CCA CTT GTA
CAT CGT CCAGTTCTG TTG CAT CAC CC
Probe (CYS) [BHQ2] (26mer)

The protocol recommended by the manufacturers was used for PCR analyses of

matrix effects. This entailed an initial denaturation step at 95 °C for 60 s, followed by 40

to 45 amplification cycles comprising denaturation at 95 °C for 15 s and annealing and

extension at 60 °C for 30 s. The QuantStudio™ 5 Real-Time PCR System for Human

Identification (Applied Biosystems, Waltham, MA, USA) was used to conduct these

experiments.

5.2.3. Optimization of Thermal Cycling Parameters

In all cases, optimization experiments were conducted using 1.0 ng/uL of template

B. pertussis DNA and run in either triplicate or quintuplicate for each condition.
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Optimization using the conventional instrument

As seen in Chapter 4, initial assay optimization experiments were conducted using
a conventional instrument - the QuantStudio™ 5 Real-Time PCR System for Human
Identification. The optimal parameters for thermocycling were determined similarly by
systematically adjusting the conditions for the real-time PCR protocol described above. In
this case, the insertion element targeted was IS1002 due to a protracted and persistent [S481
contamination issue. As detailed in the introductory section, the high prevalence of the
IS481 targets in the pertussis genome may often lead to the amplification of contaminating
DNA. Unfortunately, this issue was frequently encountered in the course of these
experiments. Still, although there was no systematic optimization using the IS481 insertion
element, the data obtained from the use of the manufacturer’s protocol before the
contamination event was used as a basis of comparison when microfluidic instrument
optimization was conducted.

Firstly, the dwell time of the initial denaturation step was optimized by testing 60,
30, and 15 seconds. Next, the denaturation and annealing phases of the amplification
cycling step were optimized by testing 15, 7, and 1 s, and 30 and 15 s, respectively. This

process is summarized in Table 5.2.
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Table 5.2. Summary of parameters systematically evaluated. This was done to derive the optimum thermocycling
program for rapid PCR using the conventional instrument.

Stage
Optimization Initial Denaturation Amplification (45 cycles)
Temp . Temp . Temp "
5 Time (s 5 Time (s 5 Time (s
Manufacturer’s Protocol 95 60 95 15 60 30
Dwell Time: Initial 60
. 95 30 95 60 30
Denaturation
15
Dwell Time: 30
Denaturation 95 95 15 60 30
1
30
Dwell Time: Anneal 95 95 60 175

Optimization using the microfluidic instrument

The optimized settings derived from the conventional instrument were applied to

the microfluidic device. This was the initial step in further reduction of total assay time by

varying parameters and comparing data. As such, the initial thermal cycling program was

60 s for initial denaturation, 7s for the denaturation phase of amplification, and 15 s for the

annealing step. (These parameters are discussed further in the following Results and

Discussion section). The microfluidic cartridge used with this instrument is detailed in

Chapter 4.

First, ramp rates of 6, 8, and 10 °C were evaluated. This was followed by testing

dwell times of 60, 30, and 1 s for the initial denaturation step. Finally, the amplification

cycling step was optimized by testing 15, 7, and 1 s dwell times for denaturation and
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annealing steps. In this case, optimization experiments were conducted for IS481 and

IS1002 targets.

Data Analysis

Following data acquisition, analysis and statistical comparisons were conducted
using GraphPad Prism version 9.3.1. (350) for macOS, GraphPad Software, San Diego,
California USA, and Microsoft Office Excel. Baseline determination, subtraction, and
thresholding for the conventional instrument were performed using the device’s software,
exported, and analyzed.'*!'* As outlined by Nouwairi et al., in the case of the microfluidic
apparatus, the average fluorescence signal from the third to 15" cycles was subtracted from
each data point along the curve, and the mean baseline was determined through the
calculation of the overall mean of all average baseline.!*!> The threshold was set as three
times the standard deviation of the comprehensive mean baseline, while the amplification
curves graphed relative fluorescence units vs. cycle number. As is common practice, the
cycle threshold values were then defined as the points at which the amplification curves

crossed the threshold.'*

5.3. Results and Discussion

Given the successful amplification of viral RNA using the ultra-rapid microfluidic
instrument described in Chapter 4, along with the preliminary data obtained from the
analyses of human genomic DNA extracted from buccal swabs described by Nouwairi et
al., it was theorized that the assay for the detection and diagnosis of whooping cough could

be adapted to this microfluidic platform.
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Again, initial experiments were conducted using the conventional instrument due
to the impracticability of completing the entire process using the microfluidic device. As
stated in Chapter 4, analysis of only a single sample per amplification experiment was a
limiting factor associated with the microfluidic platform. Further reduction of assay
runtime was then completed using the microfluidic instrument. There was no amplification
of non-template controls, and these were assigned the maximum cycle number of 40 and
excluded from the graphs.

Here, parameters chosen as a result of optimization experiments were to be
applicable to the successful detection and diagnosis of both insertion elements to create a
more accurate, multitarget, rapid diagnostic assay for the detection of pertussis and thus

whooping cough.

5.3.1. Optimization of Thermal Cycling Parameters
Optimization using the conventional instrument

The average assay runtime for PCR experiments conducted using the
manufacturer’s protocol and the conventional instrument was approximately 59 minutes.
The performance of the adapted parameters at each stage was evaluated by statistically
comparing the average Cr values at each stage to the data obtained using these standard
conditions. The amplification plot derived using these parameters and targeting the [S1002
insertion element is shown in Figure 5-1, with a summary of Cr data shown inset. The
average Cr value obtained in this case was 20.7 £ 0.05. Although there were no
optimization experiments for the IS481 target as discussed above, data from an assay

conducted using the manufacturer’s protocol and the conventional method performed
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Figure 5-1. Data obtained using the manufacturer’s protocol and targeting the IS1002 insertion element. This
protocol was paired with the conventional instrument to derive a basis of comparison for optimization experiments (»
= 3). The Cr values obtained are given inset.
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Figure S-2. Data obtained using the manufacturer’s protocol and conventional instrument and targeting the
IS481 insertion element. The Cr values are given; n = 5.

before the contamination issue developed was used as a basis of comparison and is given
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in Figure 5-2. The average Cr value obtained for this target was 15.7 + 0.243.

For IS1002, in addition to the values listed above (inset Figure 5-1) for the

manufacturer’s suggested dwell time of 60 s, the average Cr values obtained were 23.1 +

1.08 and 23.4 £+ 1.13 for 30 and 15 seconds, respectively (Figure 5-3) when dwell times
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Figure 5-3. Comparison of data obtained for
optimization of the initial denaturation dwell
time using the conventional instrument. These
data were found to be statistically different (p =
0.0188), and the 60 s dwell time was selected (n
=3, a=0.05).

for the initial denaturation step were evaluated. A
one-way ANOVA test showed statistical
differences between means at a 95% confidence
level. When the average values for the 60 s dwell
time were compared to 30 and 15 s data via
Dunnett’s multiple comparisons test, these were
found to be significantly different, with a p value
01 0.0300 for 60 s vs. 30 s and 0.0172 for 60 s vs.
15 s.!316 Given the 3 unit increase in Cr and the
statistical ~ differences calculated when the
additional dwell times were tested, the 60 s dwell

time was retained for subsequent experiments.

Next, the dwell times for the denaturation step of the amplification cycling phase

were assessed, and 15, 7, and 1 second dwell times were evaluated. Additional experiments

were conducted to reevaluate the 1-second runtime and determine if the disparity in results

obtained was due to experimental error or inefficient amplification. On the second

occasion, less favorable and more disparate data was collected; as such, it was deduced that

this dwell time could not feasibly be selected. Only 1 of 3 replicates produced a measurable
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response, and the remaining replicates were

40 assigned the maximum cycle value of 40. The

4 30 results obtained from these optimization
% 20 experiments are summarized in Figure 5-4.

2 10 The average Cr values, in this case, were 20.6

+ 0.146, 21.7 + 0.166, and 31.9 + 4.315 for

° dwell times of 15, 7, and 1 s, respectively.

\‘),-90 When the 1 s dwell time was reanalyzed, the

average Cr value obtained was 38.12 + 3.259.

Dwell Time

The values derived using the 1 s dwell time

Figure 5-4. Comparison of data obtained for

optimization of the amplification cycle’s were significantly higher than the others,
denaturation dwell time using the conventional

instrument. These data were found to be statistically , . . X . .
different from each other (p = 0.0027) and the 7s dwell  1ndicating that this was insufficient to allow for

time was selected (n = 3, & = 0.05).
complete denaturation of DNA.

As discussed in Chapter 1, in the case of TagMan real-time PCR, an
oligonucleotide probe is fluorescently labeled on the 5’ end and includes a quencher dye
on the 3’ end. In the intact state, the fluorescence is quenched by proximity between the
probe and a quencher dye. In the presence of a target, the probe and quencher dye are
separated, and the emitted fluorescence facilitates the measurement and quantification of
DNA.!"18 Consequently, if there is insufficient separation of DNA during the denaturation
phase, the signal will be negatively affected, and fluorescence may be delayed or
prohibited. In this case, the results indicate that the 1 s dwell time was insufficient, and

fluorescence was impeded. When the average values for the 15 s dwell time were compared

to 7 and 1 s data via Dunnett’s multiple comparisons test, the data obtained for the 15 s and
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1 s dwell times were statistically different (p =

N
o
1

0.0026). For 15 s vs. 7 s, however, there were no

W
o
T

statistical differences (p = 0.8106), and the 7 s dwell

time was selected for subsequent experiments. '3:1¢

Average C;
N
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Finally, the dwell times for the annealing step

-
o
T

were evaluated. Dwell times of 30, 15, and 7 s were

tested to determine optimal parameters, and the 30s 15s 7s

Dwell Time

results were compared. The average values obtained
Figure 5-5. Comparison of data obtained

. . for optimization of the amplification
in this case were 21.7 +.166, 22.3 = 0.272, and 23.8  cycle’s annealing dwell time using the

conventional instrument. The 15 s dwell
time was selected in this case (n = 3).

+ 6.26 for 30, 15, and 7 s dwell times, respectively
(summarized in Figure 5-5). When directly compared using Dunnett's multiple
comparisons test, there were no statistical differences for 30 s vs. 15 s (p = 0.9768) and 30
svs. 7s (p=0.7116).131¢ While there was no statistical difference between means, the
standard deviation for the 7 s dwell time data was quite significant. The 15 s dwell time
was thus selected for this step.

Overall, the dwell time was reduced from ~ 59 minutes with an average Cr value
of 20.7 + 0.05 to ~ 38 minutes (37 min 51 s) with an average Ct value of 22.3 + 0.272.
Despite the 1.6 unit increase in Cr, there was a 36% reduction in runtime. The minor
increase was thus not viewed as a deterrent, and optimization experiments on the
microfluidic device were initiated. The parameters for the optimized protocol are

summarized in Table 5-3.
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Table 5-3. Summary of optimal parameters for thermal cycling derived using the conventional instrument. The
manufacturer’s recommended conditions are given in parentheses in red following the optimized values.

SOURCE OPTIMIZATION EXPERIMENTS
CONDITIONS T (°C) Time (s) No. of cycles
INITIAL DENATURATION 95 60 (60) 1(1)
7 (15)
95
AMPLIFICATION CYCLES 15 (30) 40 (40 - 45)
60

(+ plate read)

COOLING STEP N/A -

Optimization using the microfluidic instrument

As was the case in Chapter 4, the optimization experiments on the microfluidic
platform utilized the thermocycling protocol derived from the conventional instrument.
The protocol applicable in this case is described in Table 5-3. as the starting point.
However, the influence of adjusting the ramp rate was additionally evaluated given the
theorized enhancement of amplification due to a higher surface-area to volume ratio and
accelerated kinetics.!>!

Note, IS481 and IS1002 targets were evaluated in this phase of experiments as the
persistent contamination issue had been resolved by this time. It was theorized that if the
conventional instrument settings worked for the IS1002 target, which is lower in
prevalence than the 1S481, the conditions should also be applicable to the non-optimized

insertion element. As such, the traditional experiments were not adjusted nor repeated for

this target. The data obtained for each insertion element will be detailed in sequence, as
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Figure 5-6. Optimization of ramp rate using the
microfluidic instrument — I1S481 target. There were no
statistical differences between means at the 95%
confidence level (n = 3 for microfluidic assays and 5 for
conventionl assays). QS 5 denotes the Quant Studio
conventional instrument.
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this research aims to find optimized
parameters compatible with the detection of
both targets.
Ramp Rates

The ramp rates evaluated were 6, 8,
and 10 °C/s for heating and 10 °C/s for
cooling.!>  Preliminary  experiments
indicated that a ramp rate of 4 °C/s (tested
in Chapter 4 for microfluidic experiments)
led to non-specific binding amplification
and the generation of bubbles within the
microfluidic and this

chamber, was

excluded.

The data obtained for the IS481 target is summarized in Figure 5-6, while that for

IS1002 is outlined in Figure 5-7. In the case of IS481, the average Cr values obtained were

15.7 £ 0.577, 15.0 (No deviation, ND), and 17.7 £+ 2.89 for 10, 8, and 6 °C/s ramp rates,

respectively. According to Dunnett's multiple comparisons test, there were no statistical

differences between means. Still, the 6 °C/s ramp rate had the highest standard deviation

and the slowest ramp rate. Although the 8 °C/s ramp rate yielded means with no deviation,

the 10 °C/s ramp rate was chosen as it was most in line with the overall goal of runtime

reduction, in addition to being statistically similar to the data used as the basis of

comparison.
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Figure 5-7. Optimization of ramp rate
using the microfluidic instrument -
IS1002 target. There were no statistical
differences between means at the 95%
confidence level (n = 3). QS 5 denotes the
Quant Studio conventional instrument.
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For IS1002, the average values obtained were
20.0 £1.00, 18.3 £0.577, and 23.3 £ 7.51 for rates
of 10, 8, and 6 °C/s, respectively. According to an
ordinary one-way ANOVA, there was no
significant differences between means (p = 0.4823,
o = 0.05). Dunnett’s multiple comparisons test
showed no statistical differences when the value
obtained using the manufacturer’s protocol was
compared to those obtained using the 10 (p =
0.9920), 8 (p = 0.7926), and 6 (p = 0.7353) °C/s
ramp rates (o = 0.05). Still, the standard deviation

when a ramp rate of 6 °C/s was used was

significant, and the average Cr value obtained using this parameter was confirmed during

a series of retests. The disparity of values obtained was thought to be due in part to the

generation of air pockets observed using the 4 °C/s ramp rate, and this option was excluded.

10 °C was chosen as this was also well-suited to analyses targeting the IS481 insertion

element.

Initial Denaturation

The dwell times analyzed for this step were 60 s, 30 s, and 1 s. The values obtained

for the IS1002 insertion element were 20.3 £+ 1.53 for the 60 s dwell time, 19.7 + 1.15 for

the 30 s dwell time, and 22.3 = 0.577 for the 1 s dwell time. These data are summarized in

Figure 5-8. An ordinary one-way ANOVA test showed no significant differences between
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Figure 5-8. Optimization of initial
denaturation step using
microfluidic instrument — 1S1002
target. There were no statistical
differences between means at the
95% confidence level (n = 3). QS 5
denotes the Quant Studio
conventional instrument.
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Figure 5-9. Optimization of initial
denaturation step using the
microfluidic instrument — IS481
target. There were no statistical
differences between means at the
95% confidence level (n = 3 for
ufluidic instrument, 5 for QS5). QS 5
denotes the Quant Studio
conventional instrument.
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means at a 95% confidence level (p = 0.0563). When
individual values were directly compared to those obtained
using the conventional instrument using Dunnett’s
multiple comparisons test, there were no significant
differences between the QS5 (Quant Studio 5) values vs.
those derived using dwell times of 60 s (p = 0.9475), 30 s
(p=0.4941), and 1 s (0.1784).

For the IS481 insertion element, the average
Cr values obtained were 18.3 +4.04,17.7+2.52, and 17.0
(ND) for the 1 s dwell time. These results are summarized
in Figure 5-9. As with IS1002, there were no statistical
differences between means at a 95% confidence level (p =
0.4091), and direct comparisons showed no statistical
differences between QS 5 and 60 s (p = 0.2987), 30 s (p =
0.5200), or 1 s (p = 0.7852) data (o = 0.05).

However, the dwell time that could reliably
be used for both insertion elements was 1 s. Still, this
resulted in a 1.3 unit increase in Cr value for the 1S481
target and a 1.6 unit increase for the IS1002 target. This was
determined to be a minor acceptable loss, and optimization

experiments continued.
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For IS1002, the average Cr values obtained were

& 307 22.7+0.577 and 25.3 = 0.577 for the 7 and the 1 s dwell

% 20 = times, respectively. These results are summarized in
[

:% Figure 5-10. A one-way ANOVA test indicated

T statistical differences between means at a 95%

0 A N Q&' confidence level (p < 0.0001). Dunnett’s multiple

066\6\ comparisons test for QS 5 data vs. that obtained using the

Dwell Time (s) 7 s and 1 s dwell times showed that these were

Figure  5-10.  Optimization of statistically dissimilar and produced p values of 0.0039
denaturation step of the amplification

cycling phase using the microfluidic .
instrument — IS1002 target. There and p <0.0001, respectively.
were statistical differences between
means at the 95% confidence level (n =
3,p=<0.0001). QS 5 denotes the Quant
Studio conventional instrument.

In the case of IS481, the average Cr values derived
from the experiments to optimize the denaturation phase
were 16.3 = 0.577 for 7 s dwell times and 19.7 + 0.577 for 1 s dwell times, as illustrated in
Figure 5-11. There were significant differences between means at the 95% confidence
level when a one-way ANOVA test was performed (p < 0.0001). However, Dunnett’s
multiple comparisons tests showed that while there was a significant difference observed
when the QS 5 average value was compared to the data obtained for the 1 s dwell time (p
< 0.0001), there was no difference between QS 5 data and that obtained for the 7 s dwell
time (p = 0.1901).

Given that no significant difference was observed when the data from the 7 s dwell
time and conventional instrument were compared (IS481), this time was chosen for the

next phase of experiments. Though there was a statistical difference for both dwell times
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Figure 5-11. Optimization of

denaturation step of the amplification
cycling phase using the microfluidic
instrument — IS481 target. There were
statistical differences between means at
the 95% confidence level (n = 3 for
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QS 5 denotes the Quant Studio
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evaluated for the IS1002 target, it was determined that the
magnitude of the delta between the conventional data and
the microfluidic data would be analyzed to determine if
the loss in Cr units was tenable. The loss of 2 units was
determined to be acceptable given the overall potential of
the optimized assay, and 7 s was used as the denaturation
dwell time for the experiments to optimize parameters for

the annealing step.

Amplification Cycles — Annealing Step
The final step, annealing, was optimized by testing
dwell times of 15 s, 7 s, and 1 s for both targets. For

IS1002, the average Cr values for each dwell time were

243 +0.577,25. 7+ 1.15, and 29.3 £ 0.577 for the 15, 7, and 1 s dwell times, respectively

(Figure 5-12). A one-way ANOVA test revealed that there were significant differences

between these means (p < 0.0001, o = 0.05). Dunnett’s multiple comparisons test showed

that for the QS 5 data vs. the data acquired using the 15 s dwell time, there was a statistical

difference at the 95% confidence level (p = 0.0006). This was also the case for comparisons

to 7s, and 1 s dwell times, with p values of < 0.0001 in both instances.

For the IS481 insertion element, average Cr values for 15, 7, and 1 s dwell times

were 19.0 (ND), 21.7 £ 1.15, and 29.3 £+ 0.577. One-way ANOVA testing indicated

significant differences between means at the 95% confidence level (p < 0.0001), and
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Dunnett’s multiple comparison tests showed
statistical differences between QS5 values and
data acquired at all dwell times (p < 0.0001).
The completion of the annealing optimization
experiments introduced a challenge. Recall, the
average Cr values obtained when the
manufacturer’s protocols and conventional
instrument were used were 20.7 = 0.050 for the
IS1002 insertion element and 15.7 + 0.243 for the
IS481 insertion element. Following optimization

experiments on the microfluidic device, it was

evident that the dwell time for the annealing step which would give the most favorable

results would be 15 s. Still, the dwell time that would give satisfactory results but with a

more significant increase in cycle threshold values was 7 s. As such, a determination had

to be made as to whether or not the deciding factor would be retaining the maximum

amount of sensitivity or completion of the assay in the fastest possible time. If the 15 s

dwell time were chosen, the overall runtime for the optimized protocol would be 17.7

minutes, compared to a 12.5 min runtime if the 7 s dwell time was selected. However, for

the IS1002 insertion element, this would mean an increase in average Cr value of 5 units

compared to 3.6 units for the 15, and 7 s dwell times, respectively. In the case of the IS481

insertion element, this would entail an increase in average values of either 6 units or 3.3

units.
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Although the increases for the 7 s dwell times were not insignificant, this dwell
time was selected as the average Ct values were still well within the bounds of an
acceptable positive value and would thus still be recognized as positive diagnoses (< 35
cycles).*? The final deciding factor would likely be the application of the protocol to
clinical samples using either dwell time and determining the practical impact of this
difference.

Considering this determination, the protocol derived using the microfluidic
instrument involved a 10 °C/s ramp rate, a 1 s initial denaturation step at 95 °C, and
amplification cycles of 1 s at 95 ° C for denaturation and 7 s at 60 °C for annealing. This
optimized protocol had a runtime of 12 min and 30 s, giving a 46.5 min reduction in runtime
(79 %) from the initial 59 min process when conducted using the microfluidic instrument

compared to the conventional device.

5.4. Conclusions

The optimization of thermocycling parameters for the adaptation of a whooping
cough diagnostic assay to an ultra-rapid microfluidic PCR instrument is described here.
The optimization process entailed systematic variation of parameters at each stage of the
PCR process and statistical analyses of the data obtained to determine the feasibility of a
practical application. This was first completed using a conventional instrument (the
QuantStudio™ 5 Real-Time PCR System for Human Identification using the 1S1002
insertion element. The optimized parameters from these experiments were then transferred
to the microfluidic platform and further evaluated to determine the shortest viable assay

runtime that could be employed with minimal losses in sensitivity.
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Consequently, the runtime for successful detection and diagnosis of these insertion
elements, which are prevalent in the genome of the Bordetella pertussis bacteria, the
primary causative agent of whooping cough, was reduced from 59 minutes to 38 minutes
using the conventional instrument, a reduction of 21 minutes (36%). The runtime was
further reduced to 12 minutes and 30 seconds when adapted to the microfluidic device, a
decrease of 46.5 minutes (79%). Although there were some losses in sensitivity, successful
detection of targets was achieved at threshold values well below the diagnostic “cutoff”
value of 35 cycles, and the adapted protocol was determined to be viable for further
validation experiments. Additionally, a significant reduction in time was achieved with no
adjustments to the amplification mixture.

These proof-of-concept experiments are foundational, with the final validation of
the adapted protocol being its application to clinical samples for diagnoses. Still, these
represent significant potential for the eventual field deployment of an accurate and

sensitive multitarget microfluidic instrument for onsite detection of whooping cough.
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6. Final Remarks

6.1. Conclusions

The research described in this dissertation focused on addressing an unmet need for
field-forward, user-friendly, accurate, sensitive, specific, and robust technologies in the
fields of forensics and clinical diagnostics for onsite applications.!* Despite significant
strides in diagnostic technologies, the primary model for testing solutions relies on the use
of centralized laboratories.®> As highlighted by the global COVID-19 pandemic, the reliance
on centralized laboratories often creates a strain on resources and clinicians or technicians,
hinders access to patients and communities, and limits attempts to mitigate the spread of
illness as infected persons are not diagnosed and isolated promptly.®” For forensic
applications, specifically, analyses at laboratories can have turnover times on the order of
days, thereby delaying investigations and potentially impeding the apprehension of
perpetrators.* Consequently, the work outlined here details the development of
microfluidic technologies geared towards addressing associated deficits in these fields.

Chapter 2 details the adaptation of an assay for identifying biological sex via
analysis of fingermark deposits to a microfluidic platform. The success of this adaptation
hinged on selecting a metric by which the concentration of amino acids in a given deposit
could be evaluated. Further, methods of detection amenable to the assay, in this case, the
Sakaguchi test, while being adaptable to a microfluidic device were required. The PCL
fabrication method worked in concert with the colorimetric detection of arginine via a
standard computer scanner, image analysis techniques, and the application of centrifugal
principles to create a microdevice capable of performing several of the unit operations

required for onsite deployment of this assay.®!!
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Chapter 3 describes a departure from forensic diagnostics to detail the
development of a sensitive, rapid SARS-CoV-2 diagnostic method for large-scale
population screening.!? This entailed the use of nanoparticle enrichment techniques
coupled with PDQeX extraction technologies to detect minute concentrations of viral RNA
in clinical saliva samples. This leveraged previously developed technology to extract viral
RNA from clinical specimens derived from nasopharyngeal swabs in viral transport media
(VIM), “fresh” saliva samples spiked with positive clinical samples, and clinical saliva
samples. The results obtained for low, moderate, and high viral titer samples of each sample
type were assessed and compared. The most favorable data was produced from analyses of
the saliva specimens collected by patients using a commercially available kit. Microfluidic
adaptation of the assay combined with the use of gold standard instrumentation was
employed to demonstrate successful detection of the virus in dilution pools up to 1:100. A
blind study confirmed the potential for practical applications of the developed techniques
as results were 100% concordant with the clinical diagnoses provided by the sample source
following experiments.

Preliminary experiments demonstrated the potential for optimizing the pooling
assay for point-of-need (PON) deployment using a novel, ultra-rapid, microfluidic PCR
amplification device. The reduction of overall assay runtime was briefly introduced in this
chapter, with a 57% decrease in runtime discussed. The thermocycling program was
applied to the microfluidic platform, and the chamber temperatures were monitored to
create a temperature profile. The data obtained confirmed that the correct temperatures

were attained during amplification and that cycling was consistent.
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Chapter 4 details the next phase of these experiments. The overall assay time was
further reduced by methodical adjustments of thermocycling parameters used in the PCR
protocol. The physical properties of the polymeric material used to fabricate the
microfluidic cartridges were combined with custom-built hardware to capitalize on the
kinetic advantages inherent to analyses on the micro-scale. As a proof-of-concept, viral
plasmids were used as targets — first for the in-tube, then for microfluidic optimization
experiments.

Summarily, there was successful reduction of assay runtime using the conventional
instrument, with the 63 min 11 s assay being decreased to 34 min and 5 s with no significant
losses in sensitivity. This reduction was achieved with no adjustments to the chemistry and
components of the amplification mixture obtained commercially. Further decreases in
runtime were conducted using the microfluidic platform, with the final runtime of 13 min
and 30 s - a 50 min (79%) reduction. This was achieved with minimal sensitivity loss (< £
1 Cr unit). This presented a favorable alternative to centralized lab testing, where the
turnover time from the collection of samples to diagnosis could be 2 — 3 days.!?
Additionally, a cartridge recycling protocol was developed, and the rationale and details of
the method are outlined and discussed.

Finally, Chapter 5 describes the utilization of similar concepts to optimize
thermocycling parameters for PCR detection of whooping cough. Two insertion elements
— IS481 and IS1002 were targeted due to their prevalence in the pertussis genome.
Consequently, the optimized process applies to the detection of both insertion elements

toward the goal of facilitating duplex applications.
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Similar to the process detailed in Chapter 4, the runtime was successfully reduced
using the conventional instrument (59 minutes to 38 minutes, a 36% reduction). This
runtime was further reduced to 12 mins and 30 s when adapted to the microfluidic device
(59 minutes to 12.5 minutes, a 79% reduction). In this case, however, there were losses in
the detection sensitivity, which though not prohibitive to successful diagnosis, were
statistically relevant.

Chapter 3 details a protocol with the potential to facilitate large-scale molecular
diagnostics in times of medical crisis. Chapters 3, 4, and 5 represent significant progress

towards the eventual goal of onsite analyses enabled by microfluidic technologies.

6.2. Ongoing Studies and Future Work

Though the projects described herein detail significant strides towards addressing
the need for onsite methodology and instrumentation for clinical and forensic analyses, the
potential for further advancements and enhancements still exists. The additional research
and development required are centered around the complete integration of and automation
of process chains to facilitate sample-to-answer solutions which are not reliant on

significant operator input or technical training.

6.2.1. Microdevice for Analysis of Fingermark Deposits

Although Chapter 2 detailed 93% accuracy of identification using the proposed
protocol, the deposits analyzed were donated by only 15 unknown participants. A blind
study involving a much larger number of donors should be conducted to provide a more

statistically robust data set.
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Additionally, this study could be expanded to incorporate the evaluation of an
internal standard. The analysis of another component characteristically detected in
fingermark deposits due to inherent sweat content could be used to normalize variations in
data. Such variations usually result from differences in individual rates of sweating and
shedding. One such set of internal standards is sodium and potassium, which have
previously been used to normalize the volume of sweat collected from male and female
subjects in a study conducted by Appenzeller et al.!* The primary challenge, in this case,
would be the determination of a compatible colorimetric assay to work in tandem with the
evaluation of arginine concentration.

Alternatively, the Bradford assay has been reported as a valuable method for
normalizing amino acid content in sweat secretions. Since Bradford reagent binds primarily
to arginine, lysine, and histidine, normalization would leverage the ratio of arginine
compared to the other amino acids to differentiate biological sex with a pre-existing
internal control. This has been demonstrated by Brunelle et al. previously. '°

Ultimately, the ideal outcome would be the complete integration of unit operations
to create an automated system for onsite use. A simple readout would rely on establishing
a colorimetric threshold and programming a presumptive binary “Male” or “Female”

readout.

6.2.2. Ultra-rapid, Point-of-Need Molecular Diagnostics of Pathogens for Infectious
Diseases

Preliminary experiments in Chapter 3 demonstrated the potential for using a novel,
ultra-rapid microfluidic PCR amplification device to detect and diagnose SARS-CoV-2 in

clinical saliva and nasopharyngeal samples diluted up to 1:100. This forecasted the research
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described in Chapter 4. As the capability of detection in large sample pools had been
demonstrated, the focus shifted from establishing feasibility to conducting optimization
experiments. Consequently, RNA enrichment and extraction from clinical saliva samples
with dilutions of up to 1:50 were performed. The final goal was to analyze these specimens
using the optimized protocol and microfluidic apparatus. Unfortunately, towards the end
of the optimization phase, access to the conventional instrument was not possible, and the
data curated only reflects the proof-of-concept experiments performed using viral
plasmids. As such, the next step of this project is assessing the practical application of the
protocol using clinical samples.

First, however, the sensitivity of the optimized protocol must be verified using a
molecular controls kit such as the Seracare AccuPlex™ SARS-CoV-2 Verification Panel.!
Experiments targeted viral plasmids, which do not require enrichment or extraction. The
positive kit materials include the complete SARS-CoV-2 viral genome to better
approximate clinical conditions. These are viewed as full process controls, providing fully
extractable RNA with a protein coat akin to virulent specimens, but without the risk of
infection and replication.!®!7 Calibration curves prepared using viral plasmid vs. molecular
controls would be designed and analyzed using conventional and optimized microfluidic
methods. This process would allow for the evaluation of sensitivity. Practical application
to “real-world” use would confirm the suitability of the rapid protocol for point-of-need

deployment.
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Similarly, the next validation phase for rapid diagnostic assays targeting pertussis

entails practical application using clinical samples. In this case, preliminary experiments

were conducted to analyze potential matrix effects. Briefly, clinical samples previously

diagnosed as negative at the University of Virginia Hospital were spiked with known

concentrations of B. pertussis template DNA. The PDQeX instrument was then used to

extract DNA from the spiked clinical samples, and PCR targeting [S481 was then

performed using the manufacturer’s protocol and the QuantStudio™ 5 instrument.

Although the correlation between concentration and average Cr value indicated by the R?
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Figure 6-1. Preliminary data analyzing matrix effects. Standards were
prepared by preparing solutions of known concentrations of pertussis
template DNA using either nuclease-free water or negative clinical samples
as diluent.

was less favorable for spiked
samples, the potential for
microfluidic amplification was
demonstrated. Still, an
investigation of the efficiency
of extraction of whole bacteria
instead of free DNA is
necessary, as with SARS-
CoV-2 diagnoses detailed

above.

A fully integrated system that automates the enrichment and extraction of nucleic

acids and PCR amplification with minimal complexity and operator input is in

development and will represent the culmination of these projects.
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6.3. Summary

The work described here focuses on applying microfluidic technologies to forensic

and clinical analyses at the point of need. Such technologies provide solutions for forensic

and clinical scientific communities, with unlimited potential for contributions to other

fields. Given the significant advancements toward full integration and automation of

relevant process chains detailed herein, the potential for realizing the initial research goals

and ameliorating the existing deficit has been demonstrated.
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