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Microfluidic technologies have great potential to help create portable, scalable,
and cost-effective devices for rapid polymerase chain reaction (PCR) diagnostics in
near patient settings. Unfortunately, current PCR diagnostics have not reached
ubiquitous use in such settings because of instrumentation requirements, operational
complexity, and high cost. This dissertation demonstrates a novel platform that can
provide reduced assay time, simple workflow, scalability, and integration in order to
better meet these challenges.

First, a disposable microfluidic chip with integrated Au thin film heating and
sensing elements is described herein. The system employs capillary pumping for
automated loading of sample into the reaction chamber, combined with an integrated
hydrophilic valve for precise self-metering of sample volumes into the device. With

extensive multiphysics modeling and empirical testing we were able to optimize the



system and achieve cycle times of 14 seconds and completed 35 PCR cycles plus
HRMA in a total of 15 minutes, for successful identification of a mutation in the G6PC
gene indicative of von Gierke’s disease.

Next, a scalable sample digitization method that exploits the controlled pinning
of fluid at geometric discontinuities within an array of staggered microfluidic traps is
described. A simple geometric model is developed to predict the impact of device
geometry on sample filling and discretization, and validated experimentally using
fabricated cyclic olefin polymer devices. Finally, a 768-element staggered trap array is
demonstrated, with highly reliable passive loading and discretization achieved within
5 min.

Finally, a technique for reagent integration by pin spotting affords simplified
workflow, and the ability to perform multiplexed PCR. Reagent printing formulations
were optimized for stability and volume consistency during spotting. Paraffin wax was
demonstrated as a protective layer to prevent rehydration and reagent cross
contamination during sample loading. Deposition was accomplished by a custom pin
spotting tool. A staggered trap array device with integrated reagents successfully
amplified and validated a 2-plex assay, showing the potential of the platform for a

multiplexed antibiotic resistance screening panel.
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Chapter 1: Introduction

1.1 Background

1.1.1 Diagnostics Background

In the earliest days of medicine, healthcare was administered in a person’s
home by physician house visits.> As technology advanced throughout the 20th
century healthcare transitioned to clinics and hospitals where it become cost
effective to conduct medical diagnostics in centralized laboratories equipped with
refrigeration, benchtop equipment, abundant electrical power, and trained
personal.> However, this diagnostic model is now struggling to keep pace with
today’s advances in medicine and healthcare. For example, for some diseases such
as breast cancer and tuberculosis early detection can significantly decrease patient
mortality, and provide a better overall prognosis.*> Likewise, chronic diseases such
as diabetes, HIV, and cancer all require regular physiological monitoring so that
doctors have more insight into disease progression and therapy response.’®
Furthermore, the recent rise of antibiotic resistant bacteria has given need for rapid
and comprehensive characterization of the infectious agent so that effective therapy
can be administered.”® As such, the centralized laboratory model is not suited to
provide the rapid, convenient, and cost effective diagnostics that is required for
today’s modern day healthcare challenges.

Technological innovations spurred on by the success of the
microelectronics industry coupled with microfluidic science have led to the

development of diagnostic systems that are better suited to return healthcare to the
1



point-of-care (POC). POC diagnostics are intended to be simple and low cost
systems that allow patients to be diagnosed in the physician’s office, small clinic,
or even the patient’s own home. POC diagnostics can also expand access to medical
diagnostics in developing countries that are battling health epidemics such as HIV,
tuberculosis, and Ebola, where access to centralized healthcare infrastructure is

limited or unavailable.

1.1.2 Microfluidics and Lab-on-a-Chip Technology

Microfluidics and lab-on-a-chip (LOC) technologies, first described by
Manz et al. in 1990, is the multidisciplinary science and technology involved in
the control and manipulation of fluids on the sub-millimeter length scale. The
behavior of fluids at the microscale differ from macroscale due to scaling behaviors
for physical properties such as surface tension, mass transfer, and fluidic dynamics,
and microfluidics explores how these behaviors can be leveraged for new
applications. Lab-on-a-chip technologies can utilize microfluidics to perform
operations that have traditionally relied on larger bench-top diagnostic systems in
centralized labs, and LOC technologies improve upon these conventional benchtop
systems by reducing sample and reagent consumption, lowering cost per test,
reducing sample-to-answer times, shrinking system footprint, simplifying system
operation, and offering greater multiplexing.®> Despite these inherent advantages
and significant attention from the research community, LOC devices are still
struggling to adhere to POC setting design guidelines (discussed in Section 1.3),
and have thus lagged in commercial development.'? The focus of this dissertation

is the development of a family of LOC technologies for PCR-based nucleic acid
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testing that are compatible with POC platform requirements, and the combination

of these technologies into an integrated POC diagnostic platform.

1.1.3 Thermoplastic Microfluidics

Initially = microfluidic  devices were made using traditional
microelectromechanical systems (MEMS) fabrication techniques on silicon or glass
substrates.!!"!> However, these materials have fallen out of favor because they are
non-disposable, expensive and difficult to manufacture. Soft-lithography and the
use of polydimethylsiloxane (PDMS) for microfluidics was first discovered by the
Whiteside’s group in 1998,'* and has been used in for the construction of
microfluidic devices ever since. Yet, PDMS is permeable to gas, hydrophobic, and
not economically viable for high throughput production. On the other hand, paper
based devices that employ capillary driven flow across patterned channels are also
a popular substrate due to the low cost and simple fabrication. However, paper
based microfluidics suffer from poor detection sensitivity due to limited optical
transparency, as well as low sample retention due to evaporation.'* Thermoplastics
such as polymethylmethacrylate (PMMA), polycarbonate (PC), and cyclic olefin
copolymers (COC) have also been used for microfluidic devices because they are
inexpensive, robust, and scalable for industrial manufacturing by injection molding.
COP in particular is an attractive substrate especially in PCR applications due to its
low water absorption, biological inertness, and high optical transparency. Not to
mention COP is compatible with a variety of high-throughput manufacturing
process such as injection molding,'> embossing, ' and reel-to-reel lamination!’. For

these reasons COP was chosen as the substrate for the devices reported in this work.
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1.1.4 Thermoplastic Bonding of Microfluidic Devices

Thermoplastics are highly attractive substrate materials for the development
of low cost microfluidic systems. Along with low materials cost in comparison to
silicon and glass, thermoplastic substrates are also relatively simple to bond for the
construction of microfluidic devices. One major advantage of thermoplastic
bonding is the flexibility in control over parameters such as bond strength, which
can be important for certain applications. For example, microfluidic applications
such as liquid chromatography chips operate at high back pressures requiring
interfacial bond energies on par with the cohesive strength of the bulk substrate
material.'® On the other hand, microfluidic burst valves benefit from having
controllable and relatively weak bonding.!” Another consideration is that most
bonding processes require solvation of the polymer matrix, or the application of
high temperature and pressures, all of which can affect the final size and shape
microfluidic features.?® Thus, the selection of the appropriate bonding technique for
a given material will depend on the geometric tolerance required to maintain
functionality. There are three general approaches to thermoplastic bonding:
adhesive, thermal, and solvent bonding.

Adhesive bonding is simply the adhesion of two substrates through the use
of glue. The main challenges associated with adhesive bonding are ensuring that
the adhesive layer does not clog the microchannel features when the two substrates
are mated. Several techniques have been reported to addresses this challenge by
applying adhesive through contact printing,?! or through an intentional interstitial

gap between substrates that can be filled with a UV curable resin?’. Laminate films
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sandwiched between two substrates and sealed with a laminator is another common
technique for adhesion bonding.*** Commercial laminators are inexpensive,
compatible with many different materials, and can be adopted into high throughput
roll-to-roll manufacturing,'” making laminate sealing well suited for mass
production of thermoplastic microfluidics.

Thermal bonding involves heating two substrates to near their glass
transition temperature while applying pressure. The high temperature generates
sufficient flow in the polymer and pressure insures interdiffusion of the polymer
chains between substrate surfaces, leading to a strong bond. While thermal bonding
can produce bond strength close to the cohesive force of the materials, temperature
induced deformation is a major challenge, especially for devices with sub-100 um
features. Temperature and pressure optimization during bonding though the use of
a controllable hot presses instrument is one strategy to mitigate feature
deformation.”® Another successful strategy has been apply UV ozone surface
treatment to the substrates to lower the bonding temperature required.

Solvent bonding involves solvating the bonding surface of the substrate by
applying the solvent in liquid phase,?® or vapor phase?’. Solvent causes the polymer
chains to become mobile, and thus can readily diffuse between the two substrates,
leading to extensive polymer chain entanglement across the interface, and a strong
bond. The Hildebrandt parameter (9) is used to determine the appropriate solvent
for a particular polymer. While strong bonding occurs when the solvent & and
polymer § are roughly equal,”® equal Hildebrandt parameters can also cause feature

deformation with excessive solvent uptake. As such, bonding parameters such as



solvent concentration, solvent phase, exposure time, and temperature, must be
optimized for each system to achieve strong bond with minimal deformation. In
addition, it has been reported that using a glass substrate to stamp a controlled dose
of solvent can mitigate channel deformation.?’ Furthermore, the use of sacrificial
materials such as wax,’® or water,?! has also been explored as a highly robust
solution for preventing channel collapse even after extended solvent exposure.
Optimized solvent bonding protocols yield strong bonding, minimal channel
deformation, and require low processing temperatures, which were all important
factors in the construction of microfluidic devices for PCR. As such, an optimized

1.’20

protocol based off a process developed by Wallow et al.,”” was used for bonding

the devices described throughout this thesis.

1.2 Polymerase Chain Reaction

1.2.1 Benchtop PCR

Since its introduction in 1986,>? PCR has become an indispensable tool in

many biomedical research laboratories for expression profiling of genes,>**

35,36 38,39

epigenetics,’’ forensic analysis,*®*" and clinical diagnostics of viral

genotyping,
and bacterial pathogens.***! Using a DNA-polymerase enzyme, the PCR process
involves controlled thermal cycling between three discrete temperatures to
denature, anneal, and elongate specific nucleic acid sequences, resulting in
exponential amplification of the targeted sequences (Figure 1.1). Currently, PCR is

commonly run on benchtop systems that employ large resistive or thermoelectric

heating elements for temperature control, resulting in high power requirements and



slow amplification times due to the large thermal masses involved.** Additionally,
such systems require a high degree of sample and reaction consumables to drive
macroscale reaction volumes. Together with high costs associated with benchtop
PCR platforms, these limitations have constrained the wider use of PCR in point-

of-care settings.
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Figure 1.1: Diagram of the PCR reaction with explanations of each
temperature step. Source: https://www.neb.com/applications/dna-
amplification-and-pcr

1.2.2 Post-PCR Analysis

In order to validate amplification products (amplicons) so as not to draw the
wrong conclusion from amplification signal (false positive in context of
diagnostics), amplicon characterization is a practical necessity in PCR-based
diagnostic platforms. Electrokinetic separation methods are commonly employed
in laboratory testing because of their high-throughput, and separation efficiency.
Capillary gel electrophoresis (CGE) is the gold standard in post-PCR analysis and
its working principle involves the separation of nucleic acids by applying an electric

field to move negatively charged molecules through a gel matrix. Shorter molecules



move faster through the gel pores and thus migrate farther. A DNA stain is added
to reveal clusters of DNA based on their fragment size throughout the gel. While
CGE is a robust characterization method, operational requirements including; gel
forming, high power, slow migration times, and resolving power over a small
dynamic range of base pair (bp) sizes make CGE adverse to the POC domain.
Alternative methods for amplicon analysis like sequencing and mass spectrometry
allow broader-scale product characterization, but are costly, impose significant
infrastructure demands, and lacking in throughput.** Probe-based amplicon
characterization is another common approach where a specific nucleotide sequence
complementary to the intended target with a FRET reporter is introduced. If the
correct product is present the probe will fully hybridize causing proximity
dependent transfer of energy resulting in a fluorescent signal. If a different product
from the intended target is present the transfer of energy will not occur and no signal
is produced. One limitation of probe-based validation is that only a finite number
of targets can be characterized at the same time, prohibiting its use in multiplexed
devices. High resolution melt analysis (HRMA), a subset of probe-based
characterization, instead uses a common probe that will intercalate within dsSDNA
products created during amplification. The amplicon is subsequently heated and
when melted it denatures and the intercalating probe is released quenching its
proximity-dependent fluorescence. HRMA offers several advantages in the context
of POC diagnostics including, simplicity, integration, and ability to distinguish
single nucleotide polymorphisms, all critical requirements in POC PCR-based

diagnostics.



1.2.3 Evolution of PCR for Diagnostics

Since its introduction PCR has undergone some important evolutions to
improve utility and versatility for the next generation of diagnostics. Real-time
quantitative PCR (qPCR) is the combination of amplification with detection using
intercalating dyes, allowing for continuous monitoring of fluorescence signal
during amplification and quantitative evaluation of the initial nucleic acid
concentration. The basic concept of qPCR is that these intercalating dyes will only
fluoresce when hybridized within a dsSDNA segment. Fluorescent intensity readings
are taken at the same temperature (usually 72 °C) for each cycle when only dsDNA
representing your target is intact and smaller non-specific products are denatured.
Over the course of the reaction dsDNA products are increasing exponentially
leading to a commensurate increase in fluorescent intensity. Tracking the number
of cycles it takes for fluorescence to reach a certain threshold provides insight on
PCR efficiency, and can be used to determine the initial concentration of pathogen
using a standards curve. As compared with conventional PCR, qPCR offers reduced
sample-to-answer time, and mitigates risk of DNA contamination by eliminating
the post-PCR validation step. As such, qPCR has been demonstrated as an effective
technique for bacterial strain identification and antibiotic resistance screening in a
number of diagnostics applications.** The utility offered by real-time detection and
quantification plus compatibility with HRMA made it a focus of the platform
described within this work.

Another evolution has been to develop nucleic acid amplification

techniques that do not require thermocycling (isothermal), shedding supporting



equipment and reducing system complexity. Isothermal amplification typically
exploits strand-displacement activity of the DNA polymerase enzyme to cyclically
amplify a target at constant temperature and decrease overall assay time. There are
several isothermal amplification schemes, but one of the more common techniques
is loop-mediated isothermal amplification (LAMP). Loop-mediated isothermal
amplification (LAMP) uses 4-6 primers recognizing 6-8 distinct regions of target
DNA. A DNA polymerase with strand displacement activity initiates synthesis and
the primers form loop structures to facilitate subsequent rounds of amplification.
The addition of two “loop primers” that anneal to the amplicon loop structure was
shown to accelerate the reaction rate and improve specificity.*” The LAMP

technique has been applied to detection of various pathogens including viruses*®*

and bacteria*~°

in microfluidic diagnostics. Besides eliminating the need for
thermocycling hardware, another advantage of LAMP is that the reaction can be
monitored without sophisticated optical hardware. In fact, the byproduct of the
amplification reaction, magnesium pyrophosphate, is so prolific that it can be
observed by eye in real-time,”! making LAMP well-suited for field diagnostics.
However, one of the main drawbacks of LAMP compared to conventional PCR is
inhibition in the presence of clinical samples,** as well as the inability to validate
reaction products in vitro>. Furthermore, primer design constraints also complicate
the routine application of LAMP for clinical diagnostic applications.

A further advantage of PCR is the ability to target both DNA and RNA from

clinical samples. RNA based targets are prevalent in both viruses and bacteria.>*

For example, ribosomal RNA (rRNA) is a universal constituent of bacterial
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ribosomes and is present in high copy numbers,”> while genomic RNA is the
appropriate target for Hepatitis C. To analyze RNA using PCR, the RNA template
is first converted into a complementary DNA (cDNA) using the reverse
transcriptase enzyme. The cDNA is then used as a template for amplification. This
process is called reverse transcriptase-PCR (RT-PCR). RT-PCR also has the
advantage of being able to discriminate between dead and viable cells since mRNA
does not persist long in dead cells, while DNA persists in both indefinitely.>> RT-
PCR is an essential tool for the diagnosis of RNA based pathogens and its discovery
represented an important shift in combating several global healthcare crises such
as, influenza and HIV. While RT-PCR is not explicitly explored in this work, the
technologies described here are fully compatible with this approach to RNA
analysis.

PCR as a diagnostic tool is expensive in terms of consumables, and can take
up to 2 hours for results. Furthermore, multi-target tests are especially needed for
identification of the particular infectious agent causing a clinical symptom that may
have multiple causative agents. Failure to do so in a timely manner could have
serious implications on patient prognosis.*® A new PCR-based method to increase
the diagnostic output per test, lower cost, and provide important clinical

information was needed. First described in 1988 by Chamerlain et al.,>’

multiplex
PCR (mPCR) is the simultaneous amplification of multiple targets in one reaction.
The conventional method for performing multiplex PCR (mPCR) is to load

multiple primers for the amplification of multiple target templates in one reaction.

However, complexity of primer design and validation for mPCR remains a
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significant limitation for new assay development. More fundamentally, primer
competition and spectral overlap of fluorescent probes used in real-time PCR
(qPCR) limits the number of multiplexing, with 5-plex assays representing the
nominal maximum that may be detected in a single reaction.’® To overcome these
constraints, multiplexing may be achieved by performing multiple individual PCR
reactions simultaneously in spatially-isolated reaction wells. While a number of
commercially available benchtop platforms supporting well plate based mPCR
have been developed,”®™! they are burdened by automation equipment, costly
consumables, and slow assay times, prohibiting their use in point of care settings.
An alternative to mPCR is to perform multiple single-target PCR reactions
in parallel to achieve spatial multiplexing. Several microfluidic technologies have
been explored that have the potential to advance multiplexed PCR reactions through
the automation of sample segregation. For instance, droplet microfluidics has been
used to generate huge arrays of individual droplet PCR reactors isolated by an

62-65

immiscible phase. Furthermore, recent demonstrations in automated

combination of sample with different reagents through droplet merging

functions, 6%

validates its application to multiplexed PCR. Yet, this approach is
still fundamentally tied to flow control hardware that is needed to form and
manipulate droplets, and therefore does not serve to reduce the complexity and

instrumentation requirements found in existing benchtop systems. On the other

hand, passive means of segregating individually addressable reaction volumes by

69,70 71-73

discontinuous dewetting, or geometry induced fluid shearing, simplifies

automation and reduces equipment burdens. Passive approaches are particularly
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suited for multiplexed PCR as reaction volumes are spatially defined allowing for
simple recombination with spatially defined reagents. Ideally, the process of
segregating sample volumes and recombining with different integrated reagents

should be equipment free so as to reduce platform footprint and cost.

1.3 Point-of-Care ASSURED Criteria and Current Limitations

1.3.1 POC Diagnostics Criteria

The World Health Organization (WHO) has developed a criteria for judging
POC diagnostic tests: the “ASSURRED” criteria, as Affordable, Sensitive,
Specific, User-friendly, Rapid and Robust, Equipment-free, Delivered. Developing
a POC system that scores highly along the lines of the ASSURED criteria will serve
as a proof of concept for a new paradigm in diagnostic systems and healthcare. The
use of PCR for diagnostics in near-patient or point-of-care settings demands
technology compatible with the World Health Organization’s guidelines for the
ideal POC test: “ASSURRED” - Affordable, Sensitive, Specific, User-friendly,

Rapid and Robust, Equipment-free, Delivered.”*

1.3.2 Affordability Challenges

The affordability metric in the ASSURED criteria continues to pose a
challenge for microfluidic PCR development. To have successful PCR on-chip it is
imperative to have robust thermal control so that the three temperature steps of the
reaction (denature, anneal, extension) are met accurately. Moreover, with the
inclusion of HRMA, temperature precision is paramount in identifying single
nucleotide polymorphisms where melt temperature deviations can be as small as

13



0.1 °C between normal genes and mutations. Consequently, many microfluidic
PCR devices employ silicon or glass substrates for their desirable thermal
properties. This is especially true for systems that intend to achieve ultrafast PCR.”
Yet, both glass and silicon are very expensive from a raw material and
manufacturing standpoint compared to alternative materials, and consequently are
designed to be reused. In a POC setting, it is difficult to see the utility of expensive
and non-disposable devices for ubiquitous diagnostic testing even considering their
high thermal performance. In contrast to these materials, thermoplastics offer
significant advantages for the development of low-cost consumable
microsystems.”® For example, thermoplastics may be patterned using exceptionally
low-cost replication techniques,!* and a variety of rapid large-area bonding

methods!®7

are available for sealing the resulting microchannels. While a number
of thermoplastic PCR chips have been reported,’®®® the high heat capacity and low
thermal conductivity associated with engineering thermoplastics have resulted in
thermal response times that prohibit rapid PCR. Several techniques based on non-
contact heating have been explored to address the thermal limitations of
thermoplastics, enabling their effective use as microfluidic substrates for rapid
nucleic acid amplification. For example, Muddu et al. reported 10 min PCR in a
thermoplastic substrate using microscale convection to control the local surface
tempearture.®* Similarly, Son et al. employed non-contact plasmonic photothermal
heating of a gold thin film to thermocycle poly-methyl methacrylate microwells,

with amplification achieved in 5 min.%
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1.3.3 User-Friendly Challenges

The ideal POC system would allow a minimally trained operator to run the
test without intervention or oversight, making the system user-friendly. However,
even today many microfluidic systems fail to consider the importance of usability
and automation, requiring trained lab technicians, expensive supporting
instruments to function. For example, flow through PCR systems, whereby the
sample is moved through different regions of the device that are individually
preheated to PCR specific temperatures, have been reported for enhancing reaction
speed in POC PCR devices.®®®” Here, reaction time is only limited by the flow rate
and heat transfer between the sample and sidewall. The major disadvantage of flow
through systems is the requirement of flow control apparatus and complex chip
interfacing, which in most cases require trained technicians to operate. In the same
way, droplet microfluidics can drastically decrease the thermal inertia of PCR
cycling, while enabling high throughput amplification, and enhanced
sensitivity.5®%° Nonetheless, these features again come at the cost of usability -
requiring complex pumping/interfacing equipment and chip initialization
procedures not suited for point-of-care use. On the other hand, stationary reaction
chamber design affords simplicity as sample introduction is usually done statically
via capillary action,® pneumatics,” or centrifugal force.”’ While throughput and
rapid PCR are challenges in stationary reaction chamber design, addressing these
challenges is not insurmountable and will be covered extensively in the following

chapters of this proposal.
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1.3.4 Rapid Results Challenges

Successful implementation of POC diagnostics call for systems that can
provide patient results in < 30 minutes.>® Ultrafast microfluidic PCR has proven
capable of achieving analysis times on the order of minutes,’” yet few have
accomplished it conforming to ASSURED criteria. In one example, Neuzil and co.
patterned heaters and thermistors on a PCR device to achieve sample analysis in 35
min, and at the same time reduced the supporting system hardware to a handheld
format.”? Although, the system consumes one glass chip per test which is not
economical for preventative screening assays, or disease progression monitoring.
Giordano et al. demonstrated a cycle time of less than 4 minutes by using non-
contact IR mediated heating of a polycarbonate microdevice.”> Jung et al.
developed a rotary system for rapid PCR that consumed a disposable polymer
device and achieved PCR amplification in 25 minutes.”* In both these examples,
on-chip temperature control is not achieved so off-chip verification equipment for
CGE are required following amplification, nullifying time saved during PCR.
Attaining rapid PCR without sacrificing affordability while reducing supporting
hardware requirements necessitates high performance heater/sensor integration on
a low cost platform, which so far has been explored on a limited basis in prior art

apart from the work presented herein.

1.3.5 Equipment-Free Challenges

For diagnostics to move from centralized lab facilities to the point-of-care,
systems must not require peripheral instrumentation to operate. ASSURED criteria

considerers this in its equipment free metric. The microscale integration afforded
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by microfluidics offers POC systems the ability to provide the functionality without
add-on equipment. For instance, capillary action, as a fluid actuation mechanism,
is by far the most simple and equipment free technique and accordingly is core to
some of the most successful diagnostics tests to date - glucose monitoring,”® and
pregnancy tests.”® While thermal integration”>! 129798 has been studied extensively
throughout literature, demonstrations of fluid actuation integration for PCR
applications is limited. In one example, Zhu et. al. showed a capillary flow driven
PCR system for digitized loop-mediated amplification (LAMP) which primes the
chip with a combination of capillary action and vacuum.” This systems however
requires vacuum pretreated PDMS substrates with limited shelf-life and poor
manufacturability. The TagMan Array card (Life Technologies Corporation, Foster
City, CA, USA) is another example of capillary driven microfluidic PCR but suffers
from the requirement that centrifugal force is still required to complete priming of
reaction chambers.®® An effective capillary flow driven device for PCR should
incorporate sample transport and metering into single or multiple reaction chambers
for high-throughput PCR analysis without peripheral equipment or unnecessary

workflow.

1.4 Dissertation Approach and Organization

The goal of the research presented in this dissertation is to demonstrate a
point-of-care diagnostic platform with the following capabilities:
e Composed of disposable and low cost materials

¢ Rapid and automated PCR operation/analysis
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e Integrated functional components (i.e heaters, reagents, flow control)

e Simple instrument free operation

e Multiplexed capability
This work will provide new knowledge to the field in the performance of
thermoplastic materials for rapid and accurate PCR and HRMA. Several techniques
for sample discretization will be explored that are all compatible with PCR based
diagnostics. This work will present a novel and simple discretization technique
along with an analytical model that will establish important geometric
relationships, and provide a predicative tool for performance across a wide design
space. This discretization technique should be applicable across a broad spectrum
of microfluidic applications. Furthermore, this work will present a new technique
for reagent deposition along with methodologies for reagent protection during
operation so as to enable unmatched simplicity in diagnostic workflow and highly
scalable multiplexed PCR. All investigated technologies will utilize practical
fabrication methods that are scalable for high-throughput manufacturing,
drastically reduce system level instrument requirements, and operate with off-the-
shelf low cost electronics and optics. Collectively, the advances reported herein will
provide a complete platform capable of rapid multiplexed PCR and HRMA in a
low cost and disposable format that is simple and user-friendly.

This dissertation is organized into six chapters to summarize the work
completed. Chapter 2 is titled “Rapid PCR in Self-filling Thermoplastic Chip” and
consists of the work that was published in Lab on a Chip.'® In this chapter, a self-

filling thermoplastic device with integrated heater and sensor electrodes capable of
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ultrafast (sub-10 minute amplification) PCR is demonstrated. In contrast to more
thermally conductive glass and silicon substrates commonly used for ultrafast PCR,
this study shows that lower cost and easier to manufacture thermoplastics can
achieve similar performance in terms of total assay time and HRMA resolution.
This platform will serve as the foundation and establish practical constraints for the
multiplexing and reagent integration technologies presented in the Chapters 3, 4,
and 5.

Chapter 3 is titled “Hydrophilic Valve Trap Sample Discretization” and
covers unpublished work on strategies for simple, robust and equipment-free
sample discretization. The concept takes the hydrophilic valve developed in
Chapter 2 and utilizes them as an automated mechanism for the segregating of
sample into many aliquots. Three fluid actuation mechanisms were explored for
sample loading; manual syringe, thermopneumatic pumping, and capillary flow.
Each of these fluid actuation mechanisms would require minimal supporting
equipment and user intervention. Important insights on loading reliability and
system design were gained leading to the development of a simpler and more
effective sample discretization trap described in the next chapter.

Chapter 4 is titled “Staggered Trap Arrays for Robust Microfluidic Sample
Discretization” and consists of work that has been submitted for publication to Lab
on a Chip. This work describes a passive sample digitization method that exploits
the controlled pinning of fluid at geometric discontinuities within an array of
staggered microfluidic traps. The staggered trap design enables reliable sample

filling within high aspect ratio microwells using a completely novel design. A
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simple geometric model is developed to predict the impact of device geometry on
sample filling and discretization, and validated experimentally. In addition, a 768-
element staggered trap array is demonstrated, with highly reliable loading and
discretization achieved within 5 min. The resulting discretization platform offers
simplified workflow and equipment free operation using a low-cost thermoplastic
substrates.

Finally, Chapter 5 is titled “A self-loading microfluidic platform enabling
multiplexed PCR with integrated reagents” and contains work that will be
submitted to Lab on a Chip. This work expands upon on the platform described in
the previous chapter by adding integrated reagents and demonstrating multiplexed
PCR. Reagents are integrated by spotting sequence-specific PCR primers in a
paraffin wax matrix preventing reagent dispersion during sample loading. An array
of 16 traps with integrated reagents was loaded via capillary action in under 1
minute, and a 2-plex PCR assay was conducted on the platform to demonstrate its
utility for PCR applications. The staggered trap array platform proved the capability

of multiplexed PCR in a reliable, equipment-free, and low cost format.
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Chapter 2: Rapid PCR in Self-filling Thermoplastic Chip

2.1 Introduction

Since its introduction in 1986,32 PCR has become an indispensable tool for
diverse applications in molecular biology, biomedicine, pathogen detection,
forensics, and beyond. Using a DNA-polymerase enzyme, the PCR process
involves controlled thermal cycling between three discrete temperatures to
denature, anneal, and elongate specific nucleic acid sequences, resulting in
exponential amplification of the targeted sequences. Benchtop PCR systems
commonly employ large resistive or thermoelectric heating elements for
temperature control, resulting in high power requirements and long amplification
times due to the large thermal masses involved.*> Together with high costs
associated with benchtop PCR platforms, these limitations have constrained the
wider use of PCR in point-of-care settings. For use as a near-patient diagnostic tool
the ideal PCR system should support rapid sample-answer times using individual
clinical samples, while offering simple operation in a small footprint. The system
should also employ inexpensive and disposable PCR elements to minimize cost and
infrastructure requirements, issues of particular concern for applications in global
healthcare and resource-limited environments.

Microfluidic technology offers significant potential for overcoming these
constraints and advancing PCR technology for point-of-care applications.**!01-103
The earliest PCR microsystems consisted of bulk-etched silicon reaction chambers

11,12

with integrated thin film polysilicon heaters, ' where inherently low thermal mass
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and high surface area in these systems enabled rapid cycle times around 2 min. A
range of microfluidic PCR systems have since been reported that employ integrated
thin film heaters patterned on silicon or glass substrates containing sealed
microchannels within which amplification occurs.”>79%104-110 While these
microscale platforms have been shown to enable PCR cycle times as low as 4.5 s,%
the fabrication costs associated with bulk micromachining and sealing of both
silicon and glass substrates can be prohibitive for many applications. In contrast to
these materials, thermoplastics offer significant advantages for the development of
low-cost consumable microsystems.’® In particular, thermoplastics may be
patterned using exceptionally low-cost replication techniques,'® and a variety of

rapid large-area bonding methods'®"’

are available for sealing the resulting
microchannels. While a number of thermoplastic PCR chips have been reported,’®"
83 the high heat capacity and low thermal conductivity associated with engineering
thermoplastics have resulted in thermal response times that prohibit rapid PCR.
Several techniques based on non-contact heating have been explored to address the
thermal limitations of thermoplastics, enabling their effective use as microfluidic
substrates for rapid nucleic acid amplification. For example, Muddu et al. reported
10 min PCR in a thermoplastic substrate using microscale convection to control the
local surface tempearture.®* Giordano et al. demonstrated a cycle time of less than
4 min by using non-contact infrared heating of a polyimide microdevice.”?
Similarly, Son et al. employed non-contact plasmonic photothermal heating of a
gold thin film to thermocycle poly-methyl methacrylate microwells, with

85

amplification achieved in 5 min.*> While relatively rapid PCR cycle times were
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achieved in each of these examples, non-contact heating imposes additional
constraints on temperature control and thus generally lack functionality for on-chip
HRMA.

In this chapter, we report a disposable thermoplastic microfluidic device
that enables rapid PCR together with HRMA of the resulting PCR product in a
single integrated platform. In addition to performing rapid PCR and HRMA in a
low-cost format, the thermoplastic chips are designed to address several system-
level issues which constrain established microfluidic PCR platforms. The devices
are fabricated using a two-step embossing process compatible with high throughput
replication-based manufacturing processes, with cyclic olefin polymer (COP) used
as a thermoplastic with low autofluorescence. Significantly, sealing of the COP
microchannels is performed using a 50 pum thick COP film layer, thereby
minimizing thermal resistance and mass of the PCR chips. Thermal control is
achieved by patterning thin film metal electrodes directly onto the sealing layer for
combined temperature sensing and thermal actuation in a low-power format.
Simple operation is provided through self-loading of reaction volumes using an
integrated passive capillary valve, requiring minimum operator intervention and
eliminating the need for fluidic interfacing, pumping, or metering during chip
loading. To operate the microfluidic device, a fully self-contained system was
developed using a microcontroller to implement all assay steps including
thermocycling using a closed-loop proportional-integral-derivative (PID) control
scheme and fluorescence detection for assay readout. Thermal performance of the

device was optimized through parametric multiphysics modeling, enabling a
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thermal cycle time of 14 s. Validation of the microfluidic system is performed
through an assay for detecting a single mutation in the human G6PC gene
associated with type I glycogen storage disease (von Gierke’s disease), a metabolic
disorder resulting in the accumulation of glycogen and fat in body tissues and low
blood glucose levels. The resulting disposable PCR device successfully combines
simple operation, rapid PCR, precise temperature control for accurate HRMA, and

low cost in a compact format.

2.2 Materials and Methods

2.2.1 Fabrication of Microfluidic Device

A master mold was prepared from 15 cm square plate of 6061 aluminum.
The aluminum was planarized using a chemical-mechanical polishing tool
(METPREP 4, Allied High Tech Products Inc., Rancho Dominguez, CA) with 1500
diamond grit sandpaper at 2 psi for 10 min followed by the PLAN-B polishing cloth
and 6 um colloidal silica slurry on for an additional 2 psi for 10 min. Final polishing
was performing using Final P polishing cloth with 1 pm colloidal silica slurry at 2
psi for 10 min to achieve a mirror finish. After polishing features were milled into
the Aluminum mold using a computer numerical controlled 3-axis CNC machine
(MDX-650, Roland DGA, Irvine, CA). Inverse features from the aluminum mold
were transferred to a secondary mold consisting of polyetherimide (Ultem PEI
1000) by embossing at 230 °C and 250 psi for 30 min using a hot press

(AutoFour/15, Carver, Inc., Wabash, IN).
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The microfluidic substrate was constructed of COP (Zeonex 1420R, Zeon
Chemicals, Louisville, KY). Approximately 15 mL of resin pellets were placed on
the PEI secondary mold and heated to 190 °C for 30 min in the hot press. Once
heated, the pressure applied to the stack was increased in 50 psi increments every
10 min, and held at a final pressure of 250 psi for an additional 10 min. The resulting
COP plaque had a thickness of approximately 550 pum. The imprinted reaction
chamber was 200 um deep, while hydrophilic expansion valve regions were 30 um
deep. Input ports were manually drilled using a drill press. The microfluidic
substrate was sealed by a 50 um thick COP film (Zeonex 1420R, obtained as
samples from Zeon Chemicals) using a solvent bonding technique modified from a
previously developed procedure.® The channel side was exposed to 35%
decahydronaphthalene in ethanol (w/w) for 7 min, rinsed with 100% ethanol, and
blown dry with N>. The multilayer substrate was then pressed at 200 psi and 50 °C
for 10 min in a hot press to complete the bonding. Thin film gold electrodes for
temperature control were fabricated using a liftoff resist process. Negative liftoff
photoresist (NR9-3000PY, Futurrex Inc., Franklin, NJ) was spun to a thickness of
3.7 um on the exposed surface of the 50 pm COP layer and patterned by contact
photolithography. Alignment marks pre-molded into the COP microchannel layer
were used to position the mask to precisely align the electrodes under the reaction
chamber (Figure 2.1a). After developing the photoresist (RD6 developer, Futurrex
Inc., Franklin, NJ), a 15 nm chromium adhesion layer and 75 nm gold layer were
sequentially deposited by e-beam evaporation (Denton Vacuum Explorer,

Moorestown, NJ), and photoresist was removed by immersing the wafer in an
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acetone bath under light agitation. The metallized COP wafer was cleaned with
methanol, isopropanol, and deionized water, and individual chips (six to a wafer)

were separated by CNC milling.

2.2.2 Passive Capillary Valve Design

The intention to keep the system low cost and simple to use directed us
towards a passive option for controlling sample flow. Passive stop flow valves fall
into two categories; capillary valve,!!! and hydrophobic valve.!'? The basic idea is
that a geometric change in the channel wall results in a change of its wetting
properties. When the wetting force of the valve is less than the driving fluid force,
the valve bursts. For capillary flow this geometric change must be an expansion as
it needs the positive delta in Laplace pressure (enlarged meniscus at the neck) to
counteract the capillary force acting on the sidewalls. For hydrophobic valves, the
geometric change must be a narrowing of the channel.

In our particular case, the PCR solution has a relatively low surface tension
with the COP, which will be made even lower due to increased temperature when
thermocycling. These operational requirements necessitated careful design of the
expansion valve to provide appropriately high burst pressure. Burst pressure was
optimized through the principle radii of curvature, aspect ratio of the region
preceding the expansion, and the (3-angle parameter (diverging angle with respect
to the neck of the straight channel). The pressure difference across the meniscus is

governed by the Young-Laplace equation (Equation 1).

AP = —20cosf (= +7) (1)
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In this equation, w and 4 are the radii of curvature, @ is the contact angle in
the channel, and o is the surface tension. From this basic relationship it is clear that
minimizing the radii of curvature will produce a larger pressure difference when 6
and ¢ are fixed. Looking deeper, Thio et al. developed and validated a burst
pressure model proving the smaller aspect ratios lead to higher burst pressures.!!?
With this in mind we sought to minimize the height, width, and the aspect ratio and

we achieved dimensions of w = 60 um, h = 30 pum, and aspect ratio of 0.5 (Figure

@ (b)
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Figure 2.1: (a) 3D Schematic of the microfluidic device. (b) Close up view of the heater and
sensor intersection. (¢) Schematic of the hydrophilic valve
2.1¢). The 3-angle was also maximized to 120° based on the repeatability and

quality of the valve after fabrication.

2.2.3 Numerical Model

A 3D COMSOL model (Version 4.5, COMSOL, Burlington, MA)
incorporating PID control was developed to study thermal performance during each
step of the PCR cycle. The PID algorithm used step-specific parameters to
maximize speed and control authority at each step. The input voltage was clipped
to a constant voltage of 2.5 V (100% duty cycle) in the model to mimic the

experimental conditions. The modulation of that input voltage was determined
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using feedback from a temperature sensor element built into the model. Dimensions
of the bottom COP film thickness and reaction chamber depth were varied over
ranges that were selected based on material and fabrication process constraints.
Forced air convection was incorporated to represent high CFM fans blowing on the
chip during operation, with convective heat flux parameters for the denature,
anneal, and extension steps given by 40, 80, and 40 Wm™K"! respectively. Rise
time, defined as the time the response to rise from 10% to 90% of the steady state
value, was determined using the model at each thermocycle step for each geometric
variation. The model was also used to compare cycle times under open-loop and
closed-loop control. For closed-loop control, the input voltage was modulated using
a PID control algorithm and temperature feedback from the sensor element.
Proportional, integral, and derivative controller constants were varied to optimize
cycling speed and control authority at each step. Total cycle times for both open
loop and closed loop control included hold times at the denture, anneal, and

extension steps of 2, 2, and 4 s respectively.

2.2.4 PCR Assay and Operation

A G6PC assay (G6PC c¢.79delC Novallele Genotyping Assay, Canon US
Life Sciences, Rockville, MD), comprising forward and reverse primers together
with commercial master mix including DNA-intercalating dye, was used to
evaluate the microfluidic PCR platform. The assay was chosen for its clinical
relevance in the diagnosis of von Gierke’s disease.!'* Samples of hgDNA (id#
NA11254) were purchased from Coriell Institute for Medical Research (Camden,

NJ). The G6PC primer set, mastermix, and hgDNA template were added in equal
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volumes of 2 uL to make a stock solution. From that stock 3.25 pL was used as the
reaction volume for each experiment. The hgDNA template concentration in the
stock reaction solution was 20 ng/uL. which was diluted in Tris-EDTA to 4 and 2
ng/ul concentrations, resulting in approximately 104, 2x10°, and 10° copies
respectively (152 copies/ng). LCGreen dye (Idaho Technology, Salt Lake City, UT)
was included in the mastermix because of its HRMA performance. The G6PC

amplicon is 46 bp in size and has a characterized melt temperature of 75.6 °C.

2.3 Results and Discussion

2.3.1 Device Fabrication and Calibration

The microfluidic system was fabricated from COP due to its high
transparency, low autofluorescence, low water absorption, and low gas
permeability. To ensure compatibility with the high temperatures encountered in
PCR, a grade of COP (Zeonex 1420R) with a glass transition temperature (Tg) of
135 °C was selected for this work. The two step embossing process (Figure 2.2)
provided high resolution patterning of the COP substrate. Because channel features
were milled directly into the initial aluminum mold, the aluminum surface could be
easily polished to ensure excellent optical quality in the final COP device. The
secondary mold was embossed from PEI for its high strength and high T,. The PEI
mold proved to be very durable over tens of embossing cycles, and can be easily

reproduced from the aluminum master as PEI mold tolerance degrades.
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The solvent bonding process developed in this work was very robust,

allowing permanent sealing of the microchannels without any observable

deformation of the 50 um thick COP sealing film. This stands in contrast to thermal

bonding methods, where channel deformation is commonly observed even when

using significantly thicker and stiffer substrates.'® Metallization of the sealing film

employed a 15 nm Cr layer, which was found to improve adhesion of Au to COP.

The Au layer thickness of 75 nm was chosen to achieve a desired nominal resistance
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PEI mold
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Figure 2.2: (a) CNC mills channels in Aluminum mold. (b) Polyetherimide (PEI) mold
is embossed with Al mold. (¢) COP resin in molded onto PEI mold. (d) COP wafer is
exposed to decalin solvent and bonding to COP thin film. (e) Negative liftoff resist is
spun onto COP wafer and photolithographically patterned. (f) COP wafer is developed
(g) Cr and Au is deposited on top of COP wafer. (h) Final COP with Cr/Au elements
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Figure 2.3: Image of the XChip device and system. (a) Image taken from the bottom of the
device of the Au heating and sensing elements. (b) Image taken from the top of the XChip
of the microfluidic features. (c) Image of the XChip benchtop system.

of 125 Q for the heating electrodes and 75 Q for the sensor electrode. Images of a
fabricated device are shown in Figure 2.3.

Burn-in of the electrodes was found to be critical for achieving accurate
temperature measurements and high sensing resolution. Prior to burn-in, significant
hysteresis was observed for the sensors, with up to 1.5% variation in sensor
resistance at 60 °C (see Appendix 1). After 3 burn-in cycles, hysteretic variations
were reduced to less than 0.5% within the full PCR temperature range. The
temperature coefficient of resistance (TCR) of each sensor was determined after
burn-in for each individual chip. This calibration procedure (Appendix 10) was
necessary due to large chip-to-chip variability. Even within a single COP wafer
containing 6 individual devices, nominal resistance values were found to vary with
relative standard deviations up to 4%. Burn-in is a standard process step in the
manufacture of many temperature sensors such as discrete thermistors, and can be

implemented in a highly parallel process for low cost fabrication.
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2.3.2 Passive Sample Loading

Sample loading was performed by pipetting a defined reaction mixture
volume into the inlet well of the device. As the mixture is deposited into the well,
capillary action pulls the liquid into the microchannel, resulting in automated filling
of the PCR chamber. While COP is a weakly hydrophobic surface with a sessile
water contact angle of approximately 95°,”7 surfactant within the master mix
solution lowers the surface tension sufficiently to generate moderate capillary flow
within the microfluidic device. As sample fills the chamber, the liquid reaches a
passive hydrophilic expansion valve incorporated into the device at the terminal
end of the PCR chamber. The expansion valve consists of a sudden increase in the
channel width, resulting in a Laplace pressure as curvature of the liquid/air interface
is forced to increase while exiting the valve. At a sufficiently high Laplace pressure,
the system reaches equilibrium and fluid flow is halted. While hydrophilic capillary
expansion valves have been investigated by several groups,'!"!">"!17 their use in
thermoplastic PCR chips places significant demands on the valve design due to the
low surface energy of the COP surface, the low nominal surface tension of the PCR
reaction mixture, and the further reduction of surface tension that occurs by heating
of the mixture during amplification. Burst pressure for a hydrophilic expansion
valve is determined by the channel dimensions and the expansion angle between
the surface normals within the channel and immediately past the exit,!'* with
smaller channel dimensions and larger expansion angles resulting in higher burst
pressures. To enhance burst pressure within our devices, the width and depth of the

valve region were reduced to 60 um and 30 um, respectively, while the expansion
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angle was set at 120°. Expansion angles beyond this value could not be consistently
realized due to limitations on machining precision during milling of the Al master

mold.
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Figure 2.4: Plot of meniscus position (mm) versus time (s) for 3
different capillary loading and flow stop experiments. Images in the
inset are not representative of actual data points but just shown for
visual reference.

During loading, capillary pumping of the reaction mixture resulted in
consistent filling of the chamber, with fluid reaching the expansion valve within
approximately 50 s. Once reaching the valve, the capillary filling process halted
and no further motion of the fluid was observed. Figure 2.4 shows the measured
positions of the fluid front within the chamber for 3 independent filling steps,
together with images of the process including the final valving stage. Performance
of the valve was evaluated over the course of 50 thermocycles, with no bursting of
the valve observed. Compared to previous reports of large expansion angle valve
designs,'! the demonstrated ability to maintain a long-term passive seal using low

surface tension fluids is unique. This simple and robust passive loading method
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serves to reduce operational error while eliminating the need for complex fluidic

interfacing or pumps during the loading process.

2.3.3 Thermal Performance

While there is not a precise definition for “ultrafast PCR”, a term commonly
used to refer to systems capable of exceptionally rapid amplification, one
interpretation is that an ultrafast PCR assay should provide amplification times
below 10 min, supporting routine use in point-of-care settings where assay results
can be quickly communicated to the patient. For a typical assay requiring 30 cycles

for complete amplification, this implies a required cycle time on the order of 20 s.
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Figure 2.5: Parametric evaluation of different device designs plotting total rise time for a
complete PCR cycle. (a) The reaction chamber depth was kept constant at 200 um while bottom
thickness was varied from 50 - 400 um. (b) The bottom thickness was kept constant at 50 pm
while the reaction chamber depth was varied from 50 to 500 um. (c) Temperature vs. cycle time
plots for the system using both open-loop and closed-loop control. The time cycle for closed-
loop control system is 18.5 seconds, while the time cycle for open-loop control system is 80
seconds.
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To evaluate the potential for our thermoplastic PCR device to reach this target,
numerical simulations were used to evaluate the impact of chip dimensions on
thermal response of the system using realistic values for forced convective cooling
of the chip surface and current density limits for the heater electrodes. Rise times
were extracted from models for various device designs over a range of thicknesses
for the COP sealing film as well as a range of reaction chamber depths in the
microfluidic substrate (Figure 2.5 a,b). From these results, a direct correlation
between each geometric parameter and the thermal rise time is observed, suggesting
that smaller sealing layer thickness and chamber depth are desired. Devices were
fabricated using a sealing layer thickness of 50 pum since the impact of this
parameter on thermal response for lower thickness values was minimal.
Furthermore, while devices with thinner layers were attempted, fabrication of chips
with sealing films below 50 um proved challenging due to film deformation during
bonding. For the reaction chamber, a depth of 200 pm was selected as a tradeoff
between rapid thermal response and high optical pathlength for sensitive
fluorescence measurements. In practice, fluorescence intensity was not found to be
a limiting factor for the system, indicating that future designs could further enhance
thermal response times through the use of shallower reaction chambers.

The data in Figure 2.5 a,b is presented for open loop control of the system.
To further enhance thermal response, a closed loop strategy using PID control was
implemented in the numerical environment to dictate the input voltage applied to
the heaters based on feedback from the sensor temperature built into the model. The

PID parameters were optimized manually, with the maximum input voltage limited
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to account for the physical constraints of the actual heating elements, applied to a
model based on the fabricated chip dimensions. Using this approach, closed loop
performance could be significantly improved over open loop control (Fig. 2.5¢). To
confirm the closed loop numerical model, thermal performance was characterized
in a fabricated device containing both thin film temperature sensors and a
thermocouple embedded in the reaction chamber during device sealing, with
identical PID parameters used for the software-defined control scheme executed by
the microcontroller. A comparison of model results with data from both sensors is
presented in Figure 2.6. It is evident that the initial part of both the denature and
anneal steps exhibit a dynamic offset between the thin film sensor and the reaction
chamber thermocouple measurements. This offset was compensated for during the
software temperature conversion step to improve sensor accuracy and control

performance. Using this offset to infer actual chamber temperature, a cycle time of
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Figure 2.6: Plot of 14 second cycle time with thermocouple embedded into reaction chamber
to verify sensor accuracy. From this data I applied a further calibration factor equation to our
temperature conversion to compensate for thermal lag in the chamber versus sensor during
denature and anneal steps.
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14 s was achieved, slightly faster than a modeled cycle time of 19 s when employing
identical dwell times at each temperature set point, and well within our targeted

time of 20 s per cycle.

2.3.4 Assay Validation

Microfluidic devices were fabricated based on the optimized design
informed by the numerical model, and used to validate performance of the
microfluidic system using a commercial G6PC assay for diagnosis of type I
glycogen storage disease. Devices were run on a custom built benchtop system
using off-the-shelf electronic and optical components for automated temperature
control and data analysis (Appendix 9). The software-defined PCR routine

(Appendix 2) implemented by the microcontroller consisted of a 30 s hot start at 95

(a) (b)

16 26

» 10K copies (30sec) 'S

......... K copies (14

_ 10K copies (14sec) s L
E - Y RR— 2K copies (14 sec)
(=]
o L 1K copies (30 sec)
w10 24 o
4
3- 8 \_)n
g
§ 6 23 F
2
=]
2 4r ¢
- 22

2 |

4] 21

0 10 20 30 2.8 3.3 3.8 4.3
Cycle # Log Copies

Figure 2.7: (a) Plot of PCR amplification curves at different concentrations and cycle times.
(b) Plot of C, versus concentration. C, values for each test were calculated by taking the
standard deviation (o) of the background fluorescence during cycle’s 3-15 for each data set.
This o was multiplied by a factor of 20 to determine a threshold value for each independent
data set.

°C, followed by 35 cycles of 95 °C for 5's, 66 °C for4.5s,and 72 °C for4.5s. A
final extension step at 72 °C for 30 s was performed on cycle 35. The total PCR

run time was approximately 8.5 min. Separate chips were used to run the assay with
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Figure 2.8: The PCR product from three
experiments were run under high sensitivity
electrophoresis on an Agilent BioAnalyzer
2100. The correct G6PC product is 45 bp in
length while the instrument measured XChip
product to be 51, 52, and 51 bp for each
respective chip sample.

10°, 2x10°, and 10* copies of initial template. Identical dilutions at 10* copies were
run at both 30 s and 14 s cycle times to evaluate the impact of dwell times on
amplification. The resulting amplification curves for each case are presented in Fig.
2.7a, and extracted Cp values are shown in Fig. 2.7b. No statistically significant
difference in C, was observed for the case of 10* copies at 14 s and 30 s, indicating
that the shorter cycle time is sufficient to achieve efficient on-chip amplification
for the GO6PC assay. The resulting plot of C; vs. target copy number reveals a log-

linear relationship suitable for quantitative analysis over the 1-log dynamic range

shown in Fig. 2.7b.
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Following PCR amplification, on-chip HRMA analysis was performed
using a software defined routine (Appendix 3). In HRMA, controlled denaturing of
amplicons with high temperature resolution enables sequence-specific DNA
melting temperatures to be evaluated,''® providing additional information about the
PCR product without the need for an additional instrumentation or use of a post-
PCR assay. Using the integrated microfluidic chips, HRMA analysis was

completed in 6 min. A typical melt curve resulting from on-chip HRMA of the
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Figure 2.9: (a) Plot of melt curve data collected on chip after PCR amplification. Data is then fit
with a spline to mitigate sensor noise that results in a non-smooth melt peak. (b) HRMA analysis
is done by taking the negative derivative of the spline fit equation at each respective data point
and plotting the curve (Appendix 4). The maximum -(d/dT) in fluorescence is identified as the
amplicon melting temperature.

G6PC product immediately following PCR is shown in Fig. 2.9a, and the final
HRMA plot consisting of the negative derivative of the melt curve data is presented
in Fig. 2.9b. The average melting temperature determined for all tested devices was
75.1+0.5 °C, which compares very well against the known melt temperature range
of 75.0 - 75.6 °C for homozygous wild type. In addition, capillary gel
electrophoresis was performed on post-PCR solution extracted from 3 of the

devices. This analysis revealed 51 bp fragments from the microfluidic devices,
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which compares well with a theoretical GOPC amplicon length of 46 bp (Fig. 2.9),
further validating the reaction product consistent with the previous HRMA

analysis.

2.3.5 Device Cost and Power Consumption

It is notable that the total power consumption required for chip operation is
quite low. The average power required during the assay for thermal control using
the integrated thin film heating and sensing electrodes was only 42 mW, while the
average power for the electronics including microcontroller, LED, and camera was
390 mW. The largest power demand was imposed by the cooling fan used to define
the convective cooling boundary condition on the backside of the chip, which
required 6 W of power under continuous operation. The overall power requirements
may be significantly reduced by operating the fan only during the cooling stage of
each thermal cycle, employing a more efficient thermoelectric cooling element, or
eliminating active cooling and relying on natural convection alone, with a
commensurate increase in total assay time.

Finally, we note that chip fabrication costs are low due to the reliance on
thermoplastics as the substrate material and the use of common fabrication
techniques borrowed from the microelectronics industry, making the resulting
technology appropriate for single-use disposable assays. The estimated fabrication
cost for low volume production, including all materials, microchannel molding
steps, capping film formation, chip bonding, photolithography, Cr/Au
metallization, and lift-off processing, is estimated at approximately $4 per chip.

Future improvements in fabrication throughput, for example through the use of roll-
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to-roll imprinting and lithography techniques, could substantially reduce these costs

for high volume manufacture.

2.4 Conclusion

This work demonstrates a disposable microfluidic PCR chip with integrated
thin film heating and sensing elements that takes advantage of a thin thermoplastic
sealing layer to achieve extremely rapid PCR, together with integrated hydrophilic
valves to achieve highly repeatable and automated loading of sample into the PCR
reaction chamber. Multiphysics modeling enabled parametric evaluation of chip
design parameters and optimization of the system to realize cycle times of 14 s and
full PCR in 8.5 min. Amplification of a mutant G6PC gene sequence from hgDNA
indicative of Von Gierke’s disease was successfully performed under a variety of
PCR conditions, with on-chip HRMA proving to be robust for identifying PCR
product melting temperature within 0.6% of the known value for G6PC. Using the
disposable chips, real-time quantitative PCR was successfully performed over a 1-
log dynamic range. Because the microfluidic technology is compatible with a
simple, small footprint, and low cost benchtop system for temperature control and
optical readout, while also supporting automated sample loading without the need
for external pumps or volume control, the system has significant potential as a

point-of-care platform for PCR diagnostics.
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Chapter 3: Hydrophilic Valve Trap Sample Discretization

3.1 Introduction

In order to enhance the capability of the low cost disposable device for rapid
PCR and HRMA proposed in the Chapter 2, different strategies for simple and
automated multiplexing were explored to incorporate into the platform. An
important requirement of these multiplexing strategies would be compatibility in
point-of-care settings, and thus, should not require any non-standard equipment for

operation.

3.1.1 Hydrophilic Valve Trap

Building off the prior work with the hydrophilic valve (Figure 3.1a), a

technique utilizing a stop valve to discretize sample into individual traps with equal

main channel

Figure 3.1: (a) Close up view of the high-3 capillary valve. (b) Overview diagram of
the trap array.

volumes was developed (trap-array). As seen in Figure 3.1b, each trap is fluidically
coupled to the filling channel at its entrance, with a passive hydrophilic valve
fabricated on the opposite side. The array filling process is depicted in Figure 3.2

for the case of a 20-element array. As sample flows through the filling channel,
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fluid is sequestered within each reaction well, with the hydrophilic valves allowing
air to be fully removed while preventing fluid flow out of the traps. As the sample
plug traverses the full array, each trap element is filled with no leakage. After each
trap is primed the main channel is purged so that excess sample is removed and the
main and vent channels are left completely open to atmosphere for oil backfill. The
oil backfills purpose is twofold; to completely isolate each reaction chamber to
prevent the migration of primer contaminates to other wells; and to prevent

evaporative loses that occur with small volumes under thermocycling conditions.

3.3.2 Manual Syringe Fluid Actuation

Several different approaches were considered to achieve on-chip fluid
actuation with minimal or no manual intervention required. An important constraint
on the fluid actuation method would be the balance of actuation force and the
hydrophilic valve bust pressure. Fluid actuation by manual syringe pumping is one
method explored for trap array operation. In this technique a syringe is interfaced
with the outlet of the chip such that when the plunger is retraced manually the
sample resting in the inlet is pulled through the main channel by the resulting
negative pressure gradient. The sample primes each well and is then fully evacuated

from the chip into the syringe connect at the outlet.

3.3.3 Thermopneumatic Pump Fluid Actuation

Another technique that was explored for trap array operation was fluid
actuation by thermopneumatic pumping. A closed chamber is fabricated
downstream of the trap array which has heating elements built underneath. The

chamber is then heated while sample is loaded at the inlet. The chamber is
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subsequently cooled causing the expanded gas within the chip to cool and condense
causing a slight vacuum that pulls the sample through the main channel priming the
traps along the way. The AT of the chamber dictates the loading speed and
efficiency. Since this platform already integrates heaters for thermocycling this

functionality can be easily incorporated.

3.3.4 Capillary Pump Fluid Actuation

While both syringe pull and thermopneumatics show simple and relatively
automated loading operation, employing capillary force for the trap array shows far
more potential for practical point of care systems because it does not require any
extra systems or equipment. Capillary loading of the trap array is accomplished
with the addition of surfactant to PCR reaction solutions such that the sample is
drawn through the main channel via capillary force. Upon complete priming of the
main channel and traps the advancing meniscus is then routed to a hydrophilically
modified PVDF membrane that immediate absorbs any remaining volume

completely purging the device and leaving it open for oil backfill.

3.2 Materials and Methods

The microfluidic substrate was constructed of COP (Zeonex 1420R, Zeon
Chemicals, Louisville, KY). Approximately 15 mL of resin pellets were placed on
the PEI secondary mold and heated to 190 °C for 30 min in the hot press. Once
heated, the pressure applied to the stack was increased in 50 psi increments every
10 min, and held at a final pressure of 250 psi for an additional 10 min. The resulting

COP plaque had a thickness of approximately 550 pum. Main channel sections and

44



trap were 100 um deep while hydrophilic expansion valve regions were 30 pm
deep. Input ports were manually drilled using a drill press. The microfluidic
substrate was sealed by a 50 um thick COP film (Zeonex 1420R, obtained as
samples from Zeon Chemicals) using a solvent bonding technique modified from a
previously developed procedure.?® The channel side was exposed to 35%
decahydronaphthalene in ethanol (w/w) for 7 min, rinsed with 100% ethanol, and
blown dry with N>. The multilayer substrate was then pressed at 200 psi and 50 °C

for 10 min in a hot press to complete the bonding.

3.3 Results and Discussion

Three separate strategies for fluid actuation were tested for trap array
operation and characterized based on the following criteria: repeatability, loading

speed, and integration.

3.3.1 Manual Syringe Trap Device Operation

Fluidic actuation by manual syringe pull was the first trap array loading
technique explored for this platform. Sample loading was performed by pipetting a
defined reaction mixture volume into the inlet of the device. Once the sample sealed
the only open outlet the syringe plunger was lightly pulled to create a small negative
pressure gradient. The negative pressure gradient pulled the sample through the
device where it diverted flow into each trap as it flowed through the main channel.
The use of 10 mL syringes provided the most repeatable loading as opposed to large
volume syringes due to the smaller negative pressure gradient created when

manually pulled. Sample was pulled completely though the device until it was
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cleared of sample and open for oil backfill. Complete sample loading and purge
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Figure 3.2: (a) 96-well array with a single filling channel and hydrophilic valves to control well
volume during loading. (b) Well volumes across each row of the array (average 5.8 + 0.5 nL).

was accomplished on the order of seconds for the 96-trap array chip shown in
Figure 3.2a. Trap volumes can exhibit relative standard deviations of around 10%,
with bias toward lower fill volumes for the outermost elements for each row (Figure
3.2b). The best results using this technique were achieved with sample surface
tensions > water (72 (dyne/cm)), which presents a challenge since most off-the-
shelf PCR solutions are prepared with small concentrations of surfactant. However,
the use of > 90° expansion angles for the valves was not explored for this method

and could conceivably enable the use of lower surface tension solutions.

3.3.2 Thermopneumatic Pump Trap Device Operation

Fluidic actuation using a thermopneumatic pump was another technique
that would allow for trap array loading without requiring supporting hardware
during operation. First the pump chamber was heated to 85 °C to expand the gas
within the chip while the inlet was left open to equalize pressure with atmosphere.
When the chamber was sufficiently heated sample was loaded by pipetting a
defined volume of reaction mixture into the inlet of the device creating a closed
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system. The heated chamber was then cooled down to 23 °C causing the expanded
gas to contract and create a negative pressure gradient drawing the sample through
the chip towards the downstream pump chamber. The chamber was designed to be
sufficiently large such that there would be a large enough AVolume to draw the
sample completely through the trap array section. A maximum AT of 60 °C was
used to actuate the sample, using temperatures > 85 °C would result in sample
evaporation that would condense in the vent channels during cooling. If

condensation formed near the valve ending the burst pressure would be

(]

Figure 3.3: Thermopneumatic
pump operation of a 96-trap array.
Images are taken over 6 min to
capture the progression of sample
through the device.
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significantly reduced because of the increase wettability. Sample loading was
accomplished in approximately 6 min for the 96-trap array chip shown in Figure
3.3. The rate of sample flow is dependent on the rate of temperature change of the
pump chamber, which is constrained by the thermal mass of the Peltier element and
poor thermal conductivity of the substrate. Integration of thermopneumatic
pumping would involve patterning thin film metal elements under the pumping
chamber and while it was not attempted explicitly, it would be very straight forward

to implement using the metallization process outlined in Chapter 2.

3.3.3 Manual Syringe Trap Device Operation

Capillary action was the final fluid actuation method explored for trap chip
operation. Sample loading by capillary action was performed by introducing a
sample solution into the inlet that would be drawn through the device by the fluid
interaction with the microchannels. The sample solution would then be purged from
the main channel using a PVDF absorbent membrane acting as a capillary pump
downstream of the trap array region. Sample solution surface tension and trap
geometry dictated the trap array loading speed and repeatability. Thus, Tween20
surfactant and TritonX-100 surfactant were added to off-the-shelf PCR solutions at
concentrations of 0.1-0.5% (w/w) and 0.04-0.2% (w/w) respectively for
optimization. The highest repeatability of trap array loading was achieved using
0.04% (w/w) TritonX-100 with a loading plus purge time of approximately 45
seconds. Additionally, it was found that the use of lower surface tension samples
required an improved valve design that increased the expansion angle (3) from 90°

to 120°. Figure 3.4 shows time stamped images taken during loading purge and oil
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backfill of a 120° expansion valve trap array design. In order to prevent unwanted
fluid pinning of the receding front, a sample volume greater than combined volume
of main channel and trap array was required so that the advancing meniscus front
could make contact with the capillary pump before the receding front entered the
main channel. Otherwise the advancing and receding fronts would equilibrate
inside the channel and could not be effectively purged. Additionally, it was found
that the absorbent membrane must protrude into the main channel so that it could

make contact with the entire advancing front interface and not just where comes

..........

00:00:47:06

Oil Backfill...

00:01:07:12

Figure 3.4: Images taken during capillary
loading of 30 trap array showing each of the
three phases of operation.
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into contact along the channel walls. Therefore a wedge shaped opening to the
membrane was used so that during insertion the point of the wedge could be
automatically guided into the main channel. Capillary loading also has the
advantage that it can be kept open to atmosphere during operation, meaning that
vent chamber valving required in the two previous strategies is not required in this

casec.

3.4 Conclusion

In summary a new microfluidic technique for automatic discretization of
microliter-scale volumes of fluid using only passive chip elements has been
presented. Trap array fabrication was optimized to achieve high quality expansion
valves for robust operation. Three loading strategies were explored and
characterized based on repeatability, loading speed and integration. Capillary
action showed the most potential in this regard and through optimization of
surfactant concentration achieved loading times on the order of 1 min. Sample and
oil introduction could be accomplished using only a pipette with no dependence on
volume control as the system passively purges any leftover sample. Trap array
densities of 30 and 96 were also demonstrated. Additionally, a custom tool for
primer spotting was tested and showed excellent spatial control such that uniform
65 um diameter primer spots could be aligned to the center of each trap. Alignment

was kept intact through the bonding process using a custom alignment jig.
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Chapter 4: Staggered Trap Arrays for Robust Microfluidic

Sample Digitization

4.1 Introduction

Sample digitization, in which an initial sample is discretized into multiple
smaller volumes, is an important operation required in many applications such as
genomics, clinical diagnostics, and drug discovery. The conventional approach to
forming an array of discrete fluid volumes from an initial sample solution has been
to rely on robotic fluidic handling.!'” However, this approach requires cumbersome
and costly equipment, suffers from unfavorable scaling in multistep assays,'*” and
is generally restricted to discretized sample volumes in the microliter range.
Moreover, the need for an open substrate such as a microwell plate for deposition
increases the risk of external contamination, introduces the need to limit sample
evaporation, and constrains the types of assay operations that may be performed on
the discretized volumes.

A variety of microfluidic technologies have been developed to enable
automated sample digitization within enclosed flow systems. One of the most
common and powerful approaches to microfluidic digitization is droplet
generation,'?! an active digitization process wherein a sample volume is dispersed
within an immiscible phase to create small uniform reactors defined by individual
droplets. Microfluidic droplet generators allow the flow rates of the continuous and
dispersed phases to be adjusted for control over the volume and production rate of

the digitized sample volumes, and can be readily used for the formation of high
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density arrays. However, droplet generation is an active digitization method
requiring continuous and precise flow control for monodispersed droplet formation,
necessitating the use of fluidic interfacing and flow control hardware, thereby
increasing the complexity and cost of the final device. Furthermore, because of the
active nature of the droplet generation process, the resulting droplets typically
require additional mechanisms downstream for manipulation and assay analysis.

While a range of methods for downstream control via droplet trapping and release

122-124 1 125
3

using hydrodynamic, optica or acoustic,'”® manipulation have been
explored, these added operations can degrade the potential for simplicity,
affordability, and integration offered by microfluidics. Electrowetting-on-dielectric
(EWOD) represents an alternative active digitization technique that enables on-
demand formation of discrete sample volumes together with controlled
manipulation of individual droplets for subsequent assay operations.!?”!?% In the
EWOD technology, differential capillary forces are generated across a droplet by
controlling the surface contact angle between the droplet and an underlying
substrate through application of an external electric potential, allowing sample
packets to be segregated and transported by direct voltage control.!? Despite this
unique functionality, EWOD devices can present challenges in scalability related
to electrode addressing, demand high voltages for operation, and require relatively
complex fabrication methods to define both the dielectric and electrode layers
needed for reliable device operation.

Driven by the need for simpler and more robust methods of sample

discretization, a number of passive digitization methods have been developed.
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Passive sample digitization takes advantage of processes that do not require precise
control over fluid flow or the use of active control elements, such that discrete
volumes are created on-chip automatically within spatially indexed locations. A
central advantage of these passive methods over active digitization is that the
instrumentation required for compartmentalization is greatly reduced or eliminated,
making these techniques very well suited for use in devices where low cost and
simple operation are important considerations. The passive sample digitization
concept has been successfully applied to various open fluidic platforms in which
sample is discretized within arrays of patterned microwells by sequential well
priming and selective dewetting of the surrounding field while leaving individual

fluid volumes anchored within the wells.!** Similarly, selective patterning of

1 132

hydrophilic regions,'*! or porous absorbent materials,'** within wells on a
hydrophobic surface has been employed to initiate wetting in specific locations
while allowing excess sample to be easily removed. A related method has been
applied to sealed microfluidic systems, allowing the passive discretization of

sample in enclosed microchannels. While various device geometries have been

explored, they share a similar approach in which sample is introduced through a

89,133-136 99,137,138

microchannel by pressure driven flow, vacuum, or
centrifugal,’>”>"! actuation to prime a series of wells fluidically connected to one
of the microchannel walls, followed by the introduction of an immiscible oil phase
to remove residual sample from the microchannel. The oil flow serves to shear off

sample from the filled wells, leaving digitized aqueous fluid volumes behind. The

oil phase used to backfill the chip also serves to fully isolate the sample volumes
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and prevent evaporation. In these devices, polydimethylsiloxane (PDMS) is
commonly chosen as a substrate material due to its high gas permeability, enabling
dead-end filling of the wells without trapping air bubbles during priming.'*®
However, PDMS is less than ideal for many applications. In addition to the
relatively high material and manufacturing costs associated with silicone
elastomers, PDMS devices typically require that the microwells be filled with an
oil phase prior to sample introduction, thereby enhancing filling of aqueous sample
into the hydrophobic PDMS wells and improving sample retention during the final
oil backfill step.'** While thermoplastics present an attractive alternative to PDMS
due to exceptionally low material costs and amenability to rapid replication-based
fabrication, thermoplastics are not gas permeable and are generally low surface
energy materials, making the reliable filling of closed on-chip chambers or wells
challenging.

This paper describes a new approach to sample digitization that exploits the
controlled pinning of fluid at geometric discontinuities within a microchannel. The
technique employs two periodic arrays of microwells (sample traps) positioned on
opposite sides of a microchannel, with the opposing arrays offset from one another
along the channel length. Through proper design of the traps, sample is sequentially
pinned at each trap entrance or exit during filling, enabling reliable and complete
filling of the following trap before removal of fluid from the main channel by a
downstream passive capillary pump. While the technique may be applied to devices
fabricated from either hydrophilic or hydrophobic substrates, a unique aspect of the

method explored here is the use of a weakly hydrophobic surface that allows the
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discretization process to proceed without the need for any external flow control or
actuation. An analytic model is developed for predicting the maximum ratio of trap
depth to opening width at which complete trap filling will occur, and the model is
validated through an experimental evaluation of the filling process using a set of
devices fabricated with parametrically-varying trap geometries. Finally, the model
is used as a predictive tool for the design and fabrication of a high aspect ratio 768-
element staggered trap array, allowing the reliability of the filling process to be
evaluated in a high density thermoplastic device that takes advantage of the
polymer’s moderate surface energy to achieve fully passive self-discretization

without the need for any external pumps or other flow control elements.

4.2 Materials and Methods

4.2.1 Microfluidic Device Fabrication

Each self-loading and digitizing device was fabricated by milling channel
and microwell features in a 2 mm thick COP plaque (Zeonor 1020, Zeon Chemicals,
Louisville, KY) using a 3-axis computer numerical controlled (CNC) milling
machine (MDX-650, Roland DGA, Irvine, CA). A hydrophilically-modified 125
um thick polyvinylidene fluoride (PVDF) absorbent membrane (SVL04700, EMD
Millipore, New Bedford, MA) with 5 um pore size and was cut to a desired size
using an automated craft cutter (Cameo Digital Craft Cutting Tool, Silhouette
America, Orem, UT). The milled COP plaque was immersed in a solution of 35%
decahydronaphthalene (Thermo Fisher Scientific, Rockford, IL) in ethanol (w/w)

for 1.5 min, rinsed with ethanol, and blown dry with N2. The absorbent membrane
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was then manually aligned to a premilled chamber (h= 130 um, 1= 13.5 mm, w =
1.4 mm) in the COP plaque before the multilayer device was pressed at 200 psi for
10 min at room temperature in a hot press (AutoFour/15, Carver Inc., Wabash, IN)

to seal the device by solvent bonding.

4.2.2 Self-Loading and Digitization Operation

Loading experiments for all devices were conducted by using a pipette to
manually load 2 pL of DI water containing 0.06% Triton X-100 (Sigma Aldrich),
5% glycerol (Sigma Aldrich), and blue food coloring for visualization. The glycerol
and surfactant were added to lower the surface tension and assist in self-loading
operations. Once the sample primed the device and the absorbent membrane
removed excess sample the chip was imaged under a microscope to evaluate the
self-digitization process. To quantify the loading efficiency, any trapping of small
air bubbles or incomplete loading of a well was considered an unsuccessful
discretization event. Self-loading was accomplished in approximately 30 s for
devices with 30 or fewer traps, while higher density devices were primed and

purged within approximately 5 min.

4.3 Results and Discussion

4.3.1 Trap Chip Design and Modeling

Sample digitization platforms relying on PDMS microfluidics commonly
initialize the discretization process with an oil phase containing surfactant to
overcome the hydrophobic substrate properties, and inhibit sample/substrate
interaction that would otherwise prevent efficient sample loading. As a result,
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pressure-driven flow is required for both oil and sample loading in these devices.
On the other hand, eliminating the oil initialization step would allow the native
surface energy of the substrate to be harnessed for self-loading of sample by
capillary action, eliminating unnecessary workflow and enabling passive device
operation without the need for external instrumentation. The staggered trap array
concept achieves this goal while leveraging surface interactions to greatly improve
digitization efficiency in thermoplastic microfluidic chips. The basic design of a
staggered trap chip is depicted in Figure 4.1. The staggered trap chips were

fabricated from COP, a weakly hydrophobic polymer, and loaded with an aqueous

capillary pump (PVDF membrane) traps sample

Figure 4.1: Illustration of the self-discretization workflow for a staggered
trap array device.

solution to characterize discretization performance. To enhance self-loading a small
amount of surfactant was added to the sample solution producing a measured sessile
contact angle of 78°, and an advancing contact angle between 85° and 90°. After
passive filling, excess sample was purged from the main channel by a passive
capillary pump consisting of a hydrophilically modified PVDF absorbent
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membrane integrated into the distal end of the microchannel. After sample
discretization, the capillary pump further allowed the device to be backfilled with
oil to encapsulate each digitized volume with an immiscible barrier to inhibit
unwanted sample contamination and prevent evaporation. The traps, were chosen
to reside on the side of the main channel as opposed to the top or bottom!** as this
provides the greatest flexibility in the fabrication of various trap geometries.

To explore the self-digitization process, three distinct trap chip designs were
modeled and experimentally evaluated. As depicted in Figure 4.2a-c, the designs
consisted of either a single row of traps, a symmetric double row of traps, or a
staggered double row with a fixed offset between each row in the design. A
parametric study was performed to assess the impact of trap geometry on sample
discretization. The trap geometry used for this study is shown in Figure 2d, which
defines the channel width (w.), trap width (wy), trap length (L), maximum length of
filling into the trap (f), trap pinning offset (p), trap wall spacing (s) and advancing
sample contact angle (8a). For each trap configuration, the relationship between the
filling ratio (the ratio of filling length to trap width: FR = f/w¢) and the channel
width ratio (the ratio of channel width to trap width: CR = w¢/wy) was evaluated.
The filling ratio provides a measure of the maximum length of a given trap that can
be completely filled during sample introduction, while the channel width ratio
serves as a useful design parameter defined by the relative channel and trap widths.
The parameters defined in Figure 4.2d are applicable to all- designs, noting the
single-sided and double-sided designs are degenerate cases with p = o and p = 0,

respectively. For each trap configuration, a geometric model was used to derive a
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(a)

()

©

Figure 4.2: Schematic diagrams showing the trap
configurations for (a) single-sided, (b) double-sided, and (c)
staggered trap arrays. (d) Summary of geometric parameters
used for model development.

numerical solution using a set of equations and constraints to solve for each point

where the interface makes contact with the trap wall.

4.3.2 Single-Sided Trap Model

The single-sided design (Figure 4.2a) consists of a single row of traps
branching off from one side of the main channel. As sample is pumped or wicked
by capillary action to the entrance of a trap, the fluid becomes pinned at the trap
entrance due to the geometric discontinuity, while surface tension forces continue
to drive the advancing front along the main channel wall opposite the trap. As the
front continues to advance, the effective contact angle between the fluid and inner
wall of the trap increases until the initial energy barrier presented by the pinning

point is overcome and fluid begins to spread into the trap. Surface tension stabilizes
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the interface so that the contact angle of the advancing front is equal on both sides
of the interface, with uniform curvature along the fluid/air interface. The advancing
front eventually contacts the wall on the opposite side of the trap, at which point
the filling process halts. If the filling length (f) is less than the trap length (L), a
pocket of air remains sealed in the trap and filling is incomplete. However, if f> L
then no air becomes trapped and filling is successful. Note that because all trap
designs employ a semicircular terminus, once the advancing fluid reaches the
curved wall region the constant contact angle constraint ensures that the fluid
interface will progress to the opposite wall and complete the trap filling process.
A geometric description of the filling process for a single-sided trap is
shown in Figure 4.3a , while Figure 4.3b presents a sequence of images from a
filling experiment using a fabricated COP device with dimensions of wi =390 um
and we = 200 um, and a measured filling length of f= L/2. As expected, incomplete
filling is observed, with enclosed air remaining within the traps. From the given
device geometry, an analytic model was obtained using a set of geometric
relationships and constrains that allowed for each point where the interface makes
contact with the wall to be determined numerically (Appendix 5). When
considering the impact of contact angle on trap filling, a lower limit of 45° was
imposed since smaller values would violate an assumption of positive interface
curvature in the model. The resulting modal was applied to a device design with
dimensions identical to the experimental system, with results shown in Figure
4.3c,d. In Figure 4.3c¢ the relationship between FR and 0, is presented for a CR of

0.51, while in Figure 4.3d the relationship between FR and CR is presented at an
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Figure 4.3: (a) Geometry for a single-sided trap configuration. (b) Images of the loading
process for single-sided trap array with an FR = 1.3 and 0, = 90°. Modeled relationships between
(c) FR and 0a at constant CR = 0.51, and (d) FR and CR at constant 6, = 90°.

advancing contact angle of 90°. The fixed values of CR and 0, in each case were

selected to match the experimental conditions employed for experimental

validation. For the given channel width ratio, a maximum achievable FR of 1 is

predicted as 0, approaches 45°, while no trap filling (FR = 0) is predicted as the

contact angle approaches a superhydrophobic state with 6, = 180°. Similarly, when

0. = 90° a maximum FR of unity is predicted when the CR approaches zero, while

FR asymptotically approaches zero with increasing channel width ratio. Thus, for

physically realizable trap array designs, the simple geometric model predicts that

complete filling of single-sided traps may only be achieved when the trap aspect

ratio (L/wy) 1s well below unity.
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4.3.3 Double-Sided Trap Model

The geometry of a double-sided trap is depicted in Figure 4.4a. In this
design, the advancing fluid becomes pinned at both sides of the bifurcation into the
traps until the effective contact angle with the inner trap walls grows large enough
allow the front to proceed into both traps symmetrically. In practice, small
disturbances, variations in surface properties, or variations in channel dimensions
can result in asymmetric trap filling behaviors, as evident in the experimental
images presented in Figure 4.4b for a double-sided trap chip with the same
geometric parameters as the single-sided device described previously (wi =390 um,

we = 200 pum). Using the same modeling approach described for the single-sided
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Figure 4.4: (a) Geometry for a double-sided trap configuration. (b) Images of the loading
process for a double-sided trap array FR = 1.3 and 8,=90°. Modeled relationships between
(c) FR and 6, at constant CR = 0.51, and (d) FR and CR at constant 8, = 90°.
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traps (see Appendix 5), the influence of contact angle and channel width ratio on
filling ratio was explored for the double-sided case (Figure 3.4c,d). For the selected
device design, higher FR values above 2 can be achieved at low contact angles,
while maintaining the contact angle at 90° and allowing CR to change yields only
moderate improvement in FR compared to the single-sided traps. Similar to the
single-sided case, the double-sided traps also yield a maximum FR of unity when

0. = 90°, with FR approaching zero as CR is increased.

4.3.4 Staggered Trap Model

The staggered trap configuration (Figure 4.5a) was investigated as a novel
approach to sample discretization capable of overcoming the limitations of single
and double-sided trap designs, in which the maximum filling ratio it limited by
coupled geometric and surface tension constraints of the microfluidic system. By
taking advantage of asymmetric pinning in a staggered trap array, it becomes
possible to manipulate the advancing front such that complete filling of high aspect
ratio traps can be achieved using purely passive means. The trap loading process is
shown for a fabricated device in Figure 4.5b. As seen in this figure, fluid begins to
enter the lower trap with the fluid interface pinned at the discontinuity presented by
the entrance to an offset trap on the opposite side of the main filling channel. The
interface remains pinned as fluid traverses the wall of the lower trap. As with the
single and double-sided designs, the conformation of the interface when it touches
the opposite wall determines the distance the fluid is able to travel into the trap, and

thus the maximum trap length for which complete filling can be achieved. For the
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channel and trap dimensions in the present experiment, complete filling of the traps
was achieved.

The range of filling length that can be achieved as a function of 6, and FR
was evaluated using a geometric model for the staggered trap design (see Appendix
5). In addition, the impact of pinning offset ratio (PR) on trap performance was also
considered, where the PR is defined as the ratio of the pinning offset length to trap
width (p/wi). The dependence of FR on 0, is presented in Figure 4.5¢, using the
same channel and trap dimensions as the single and double-sided configurations
and with a fixed PR of 0.55. At a low contact angle of 6. = 45°, the filling ratio is
significantly larger than observed for the single and double sided cases at FR = 3.7,
while a more moderate contact angle of 90° results in FR = 1.4. As with the single-
sided design, FR decays to zero as 0, approaches 180°.

The dependence of FR on CR when 0, = 90° is presented in Figure 4.5d,
together with model results for the single and double-sided trap designs for
comparison. In this figure, a family of curves reflecting varying pinning offset
ratios is presented. When p/w; approaches unity FR converges to the single-sided
result. This is expected, since when p > w; for the case of 6, = 90° the advancing
fluid front will touch the opposite trap wall before it can reach the pinning point,
resulting in behavior identical to the single-sided case. However, when p/w;
approaches zero, FR does not converge to the double-sided case as might be
expected given that the double-sided geometry is identical to a staggered design
with p = 0, but instead continues to increase. This apparent discrepancy is due to

the fact that the filling of the double-sided traps depends on simultaneous loss of
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pinning at each of the opposing trap corners. In contrast, staggered traps require
that the trailing trap corners provide ideal pinning as the leading traps begins to fill.
In practice, neither assumption is entirely valid due to variations in surface finish
and corner sharpness, as well as the influence of the upper and lower channel
surfaces on the fluid interface, which is not considered in our geometric models.
Additionally, the asymmetry of the staggered design means that the PR for traps on
one side (PR) of the channel are not equal to the PR of the traps on the opposite

side (PR*). The relationship between the PRs of each side is defined as PR=1-PR*.
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Figure 4.5: (a) Geometry for a staggered trap configuration. The p is different on each side of
the main channel because on the staggered side the pinning offset will include a barrier wall. So
the pinning offset in the staggered side p* = (w¢- p) +s. (b) Images taken of the loading process
for an experimental staggered SLD device with wi = 390 um, w, = 200 pm, 6, = 90° and PR =
0.55. (c) FR dependence on 0,. (d) FR dependence on CR for varying PRs.
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As a result of these factors, optimal loading performance of the device is achieved
at PR=0.5.

We note that the preceding analyses of filling ratio as a function of channel
width ratio are limited to the case of 6. = 90°. Trap filling performance for strongly
hydrophilic or hydrophobic surfaces can vary significantly from the presented
results. However, the observations derived from each model have wide
applicability for typical thermoplastics used in microfluidic applications, which
tend to have moderate surface energies and exhibit contact angles near 90°. For this
important class of materials, the staggered trap model predicts significant

improvement in achievable filling ratios compared to both the single-sided and
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Figure 4.6: Loading % of the different trap configurations at different aspect
ratios. Two data sets (light and dark) for each trap configuration represent a
difference in heights between the main channel and the trap.
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double-sided designs, with filling ratios approach FR = 2 readily achieved with the
staggered design. From another perspective, the use of staggered traps can enhance
the filling reliability for lower aspect ratio devices, enabling highly reliable filling

for large numbers of traps.

4.3.5 Model Validation

To validate the model for each trap configuration, 35 different devices with
varying trap configurations, channel width ratios, and pinning offset ratios were
fabricated and characterized to evaluate trap filling reliability. For each trial a test
solution of DI water, glycerol, blue food coloring, and a small concentration of
surfactant was used, resulting in a measured advancing contact angle between 85°
and 90°. For all devices, a constant channel width of we =200 um and trap width
of wi = 390 um were employed. Additionally, the main channel height (h) to trap
depth (h¢) were varied to investigate whether these parameters impact filling for the
various designs. The number of trap elements per chip was between 15 and 30,
allowing filling reliability to be quantified for each experiment. Each chip was
loaded with 2 pL of test solution and the examined under a microscope to determine
the fraction of traps that were completely filled with sample. Results were recorded
for 5 trials per device, providing at least 75 individual trapping events used to
calculate the average result for each design. The experimental results (Appendix
6a) for each configuration and aspect ratio are presented in Figure 4.6. Trap filling
performance for the single-sided and double-sided designs follows the predicted

trend, with reliable filling occurring only at low trap aspect ratios. For comparison,
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Figure 4.7: (a) Single-sided, (b) Double-
sided, (c) Staggered. The model trap
aspect ratio threshold is denoted by a
black dashed line with the area shaded in
green representing the parametric
combinations the model predicts will
have a high loading percentage. Data
points for each parametric combination
are plotted and connected by a solid black
line and its shadow is color coded for
each respective parametric combination.
The data points that lie beyond the model
threshold are shaded with a darker color
and correspondingly show a sharp drop-
off in loading percentage while the more
transparent shadow represents data that
falls in the region of expected high
loading percentage.
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the models predict complete filling to occur only below L/w thresholds of 0.60 and
0.75 for single-sided and double-sided designs, respectively. In contrast, the
staggered trap model predicts complete filling for trap aspect ratios up to a threshold
value of 1.3 for the given device design (FR=0.51, PR=0.59). Ideal filling (97% of
traps completely filled) is observed in the experimental data up to an aspect ratio of
1.31 confirming this model prediction.

An additional study was performed using 15 devices each of the single-
sided, double-sided, and staggered trap designs to assess loading reliability over a
wider range of design parameters (Appendix 6b). As shown in Figures 4.7a and
4.7b, the channel width ratio and trap aspect ratio were varied by increasing both
the w. and wy for both single-sided and double-sided models. Similarly, Figure 4.7¢
presents measured loading reliability for the staggered trap design, but with a fixed
channel width ratio of 0.51 and varying pinning offset ratio. The dotted lines in
each figure represent the model results, with 100% reliability predicted for trap
aspect ratios below a critical threshold determined from the model, and 0%
reliability at higher trap aspect ratios. The experimental results show excellent
agreement with the geometric models, with reliable filling at L/w; values below the
predicted thresholds. Rapidly degradation of filling reliability is observed as the
trap aspect ratio increases beyond this threshold for all designs. Significantly, the
staggered configuration maintains high loading percentages at trap aspect ratios

well above unity as the pinning offset ratio is increased.
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4.3.5 High Density Staggered Trap Array

To demonstrate scalability of the staggered trap concept, a device
containing an array of 768 traps was fabricated with 6 parallel rows of loading
channels each connected to 128 independent traps (Figure 4.8a). The device was
fabricated with a CR = 1.1 and was designed to hold 11 nL of sample within each
trap, or approximately 14 pL for the full array. To load the device, 2.1 puL of sample
solution was introduced into each channel inlet by pipette, automatically loading

all 128 traps in approximately 1.5 min. In each row, one additional trap was
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Figure 4.8: (a) Image taken of high density array of 768 traps loaded with sample and
backfilled with oil. (b) Histogram of volume distribution in loaded SLD device.

included as a sacrificial element to define a pinning point for the last trap in the
array. For sample filling, a downstream hydrophilic membrane capillary pump
integrated into the chip served to pull fluid through the system to remove sample
from the main channels. Following sample introduction, oil was next applied to
each inlet to backfill the channels by capillary action, thereby isolating each trap

volume and preventing evaporation of the aqueous fluid. Filling of the trap array
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was found to be highly repeatable, with an average of 99.6% filling achieved. An
image showing a magnified view of the filled array is presented in Figure 8b. To
quantify variance in the final filling volume, a MATLAB script (see Appendix 7)
was written to automatically acquire fluid area measurements from each trap based
on pixel count. Using this script, a histogram of trap volume distribution was
constructed (Figure 4.8c) and used to calculate a standard deviation of 1.36 nL, or

12% RSD, for the final trap volume.

4.4 Conclusion

Using a geometric model describing fluid filling in an array of staggered
microfluidic traps, selective pinning of the advancing fluid front by sequential trap
elements was shown to enable efficient discretization of sample into traps with
length:width aspect ratios above unity. The impact of contact angle and trap
geometry on filling length was explored analytically, and reliability of the filling
process was investigated experimentally using 46 different design variations
selected to demonstrate the value of the model as a predicative tool across a broad
design space. Passive self-loading and discretization was successfully
demonstrated in a thermoplastic microfluidic device, and scaled up to a high density
trap array capable of highly repeatable sample loading and digitization. By taking
advantage of surface tension during sample discretization, the need for oil
initialization prior to sample introduction was eliminated, and chip operation
without the need for pressure-driven flow or other external actuation was enabled.
Because the discretization platform offers a simplified workflow, flexible trap

design, reliable discretization, and repeatable operation using low-cost
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thermoplastic substrates, the technology may be of particular interest for use in

disposable point-of-care diagnostic applications.
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Chapter 5: A self-loading microfluidic platform enabling

multiplexed PCR with integrated reagents

5.1 Introduction

PCR is a sensitive diagnostic tool for nucleic acid detection and has been

33,34 35,36

widely employed for genetic expression profiling of genes, genotyping,

38,39

epigenetics,’’ forensic analysis, and clinical diagnostics of viral and bacterial

pathogens. 04!

Recently, there has been a demand for conducting many PCR
reactions simultaneously using one clinical sample to provide the high degree of
multiplexing required for antibiotic resistance profiling, and comprehensive
diagnostic panels.'*’

The conventional method for performing multiplex PCR (mPCR) is to load
multiple primers for the amplification of multiple target templates in one reaction.
However, complexity of primer design and validation for mPCR remains a
significant limitation for new assay development. More fundamentally, primer
competition and spectral overlap of fluorescent probes used in real-time PCR
(qPCR) limits the number of multiplexing, with 5-plex assays representing the
nominal maximum that may be detected in a single reaction.’® To overcome these
constraints, multiplexing may be achieved by performing multiple individual PCR
reactions simultaneously in spatially-isolated reaction wells. While a number of
commercially available benchtop platforms supporting well plate based mPCR

have been developed,”®!' they are burdened by automation equipment, costly

consumables, and slow assay times, prohibiting their use in point of care settings.
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Several microfluidic technologies have been explored for simplifying the
automation of sample segregation so as to make mPCR practical in point of care
diagnostics. For instance, droplet microfluidics has been used to generate huge
arrays of individual droplet PCR reactors isolated by an immiscible phase.®*
Furthermore, recent demonstrations in automated combination of sample with

different reagents through droplet merging functions,® 6

validates its application
to mPCR. Yet, this approach is still fundamentally tied to flow control hardware
that is needed to form and manipulate droplets, and therefore does not serve to
reduce the complexity and instrumentation requirements found in existing benchtop
systems. On the other hand, passive means of segregating individually addressable

69,70

reaction volumes by discontinuous dewetting, or geometry induced fluid

shearing,’!73!

simplifies automation and reduces equipment burdens. Passive
approaches are particularly suited for mPCR as reaction volumes are spatially
defined allowing for simple recombination with spatially defined reagents. Ideally,
the process of segregating sample volumes and recombining with different
integrated reagents should be equipment free so as to reduce platform footprint and
cost. Along these lines, the SlipChip device recombined isolated primer sets on one
substrate into individual reaction chambers on the other with a manual slipping
motion to perform multiplex PCR.!4°

Here we report a low cost microfluidic platform designed to perform highly
scalable multiplexed PCR with minimal manual input. Each thermoplastic chip

contains an array of interconnected microwells that serve to isolate discrete sample

volumes, while PCR reagents integrated into the chip during fabrication allow for
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different reactions to be performed within each discretized volume. Reagents are
integrated by spotting sequence-specific PCR primers in a paraffin wax matrix,
ensuring that the primers remain encapsulated during sample introduction while
enabling temperature-controlled release prior to thermocycling. The sample itself
is manually deposited by pipette into an inlet reservoir, with passive filling and
discretization of the entire microwell array achieved by capillary pumping.
Effective self-filling of the thermoplastic reaction chambers is achieved through the
use of a staggered array design that employs geometric fluid pinning to promote
highly repeatable filling of the high aspect ratio microwells. To explore the
potential of the microfluidic platform for multiplexed PCR reactions without
unwanted crosstalk between different microwells, a 2-plex assay is demonstrated
in a chip containing 16 microwells using pUC19 and pBR322 plasmids presenting

the selected target sequences.

5.2 Materials and Methods

5.2.1 Pin Spotting

A custom pin spotting tool was developed for the controlled deposition of
PCR reagents onto COP films (Appendix 8). The tool consisted of three linear
actuators (MX45S, Parker Hannifin Corp., Cleveland, OH) attached to stepper
motors (LV141-02-10, Parker Hannifin Corp., Cleveland, OH) for X,Y, and Z axis
control. Photoelectric sensors with 30 um repeatability (PMY44P, Parker Hannifin
Corp., Cleveland, OH) were used to calibrate the origin and provide limit stops to

protect the actuators from damage. The motors were driven by a motor driver (ED-
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Drive, Parker Hannifin Corp., Cleveland, OH) enabling positioning resolution of 1
um, and controlled using an Arduino Uno microcontroller (Adafruit, New York,
NY) and GRBL open source software for the graphical interface. The Z-axis
actuator controlled the height of various sized pins (Xtend Microarray Pin,
LabNext, Inc., West New York, NJ) that deposited nanoliter scale volumes through
contact printing. The spotting stage was equipped with mechanical alignment pins
for gross positioning of the channel layer to the spotter. The stage was also equipped
with a two Peltier heaters; one positioned under the spotting film, and one in a

peripheral location to heat the wax bath.

5.2.2 Chip Fabrication

The channel layer of the self-loading and digitizing (SLD) chip was
fabricated by milling channel and microwell features in a 2 mm thick COP plaque
(Zeonor 1020, Zeon Chemicals, Louisville, KY) to a depth of 250 um using a 3-
axis computer numerical controlled (CNC) machine (MDX-650, Roland DGA,
Irvine, CA). A 125 um thick hydrophilically modified polyvinylidene fluoride
(PVDF) membrane with 5 um pore size (SVLP04700, EMD Millipore, New
Bedford, MA) was patterned using an automated craft cutter (Cameo Digital Craft
Cutting Tool, Silhouette America, Orem, UT).

The capping layer of the SLD chip was patterned from a 50 pm thick COC
film (Zeonex 1420, Zeon Chemicals). The COC film was affixed to the pin spotting
stage with tape to prevent movement. Polyethylene glycol (PEG) 20kDa (81300,
Sigma-Aldrich, St. Louis, MO) was added at 20% (w/w) concentration to a solution

of water and primer and loaded into the pin using capillary action. Coordinates for

76



each trap position were programmed and upon pin contact with COP film a spot of
PEG/primer solution was deposited. After deposition the PEG/primer spots were
left to completely dry at 45 °C for 15 min before a protective layer of soft paraffin
wax (Vaseline, Unilever, USA) was deposited over top of the dried PEG spots at a
temperature 42 °C.

The microchannel substrate was next exposed to 35% (w/w) decalin
(ThermoFisher Scientific, Rockford, IL) in ethanol for 1.5 min, rinsed with 100%
ethanol, and blown dry with N>. Two identically patterned PVDF membranes were
stacked for a total thickness of 250 pm and inserted into a mating chamber in the
COP substrate. The decalin-solvated channel substrate and capping layer were then
aligned using pins built into an alignment stage and mated to seal the channels and
microwells. The chip assembly was then placed in a hot press (AutoFour/15, Carver

Inc., Wabash, IN) at 200 psi and 23 °C for 10 min to complete the bonding.

5.2.3 Multiplexed Assay

pl9 forward primer (5’-GACCTACACCGAACTGAGATACC-3’) and
reverse primer (5’-TCCGACCCTGCCGCTTAC-3’) as well as p322 forward
primer (5’-TGCTCAACGGCCTCAACCTA-3’) and reverse primer (5°-
AGTCATAAGTGCGGCGACGA-3’) were designed using Primer3Plus software
and ordered from Invitrogen (Carlsbad, CA). The primer printing solution
contained 10X 5 mM primer stock, 2X buffer (Novella Oligo Dilution Buffer,
Canon US Life Sciences, Rockville, MD) and 3X 50% PEG solution, to achieve a

final primer concentration of 500 uM in each trap reaction volume.
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pUC19 and pBR322 plasmids were purchased from New England BioLabs
(Ipswitch, MA) and diluted to 30 ng/uL in water. Each template dilution was mixed
with equal volumes of commercial master mix (Novallele Genotyping Assay,
Canon US Life Sciences, Rockville, MD) and EDTA buffer (Sigma-Aldrich, St.
Louis, MO) to form the sample solution with a final concentration of 10 ng/uL, or

approximately 1.0 ng per trap reaction.

5.2.4 Chip Operation

Chip loading was performed by pipetting 3.75 uL of sample solution in the
inlet of the device. Excess samples was removed by the integrated PVDF membrane
downstream and then 5 puL silicone oil (AR20, Sigma-Aldrich, St. Louis, MO) with
0.5% (w/w) ABIL EM90 surfactant (ABIL EM90, Evonik Industries) was loaded
into the device fully isolate each reaction chamber. Once loaded, a single piece of
PCR-compatible adhesive tape (LC480 Sealing Foil, Roche Diagnostics Corp.,
Indianapolis, IN) was used to seal the top side of the chip. The chip was then placed
on a custom thermocycler comprising of a Peltier element controlled by an Arduino
microcontroller. The software-defined PCR routine implemented by the
microcontroller consisted of a 120 s hot start at 95 °C, followed by 20 cycles of 95
°C for 15 s, 60 °C and 72 °C for 30 s. The microcontroller actuated the 452 nm
LED light source and collecting fluorescence output during the extension step

(72°C) with a CCD camera placed directly above the chip.
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5.3 Results and Discussions

5.3.1 Chip Design and Fabrication

The basic self-loading and digitizing device (Figure 1) consists of a channel
connecting an inlet to a capillary pump at the outlet with staggered traps in between.
Microwell dimensions of 900 um square and 250 pum deep were chosen to
accommodate the paraffin wax covered reagents and provide sufficient reaction

volume for effective PCR from dilute samples.

capillary
outlet pump inlet

Figure 5.1: Image of the self-loading and discretizing chip.

The self-loading and digitizing device was fabricated from COP due to its
high transparency, low autofluorescence, low water absorption, and low gas
permeability. Channel features were milled directly in the substrate by CNC
milling. The channel layer was also milled with alignment holes in each corner so
that it could be aligned to protruding pins on the pin spotting stage that would keep
it aligned with the same origin on the pin spotter each time. Two PVDF membranes

were patterned using a craft cutter and were then inserted into a pre-milled chamber
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on the channel layer. It was found that cutting a pointed shape at the front of
membrane provided the best performance in terms of purging excess sample from
the main channel. The milled substrate was then mated to the thin film COP with
deposited reagents face down on the spotting stage. The entire fabrication process

is summarized in Figure 5.2.

pin spotting CNC milling

! l

dry down solvent exposure

Figure 5.2: Fabrication process for the SLD platform. Pin spotting and CNC
milling can be done in parallel and each substrate is then bonded using alignment
pins.

5.3.2 Pin Spotting

Preventing the rehydration of integrated primers during sample introduction
is essential to the proper functioning of the SLD platform. Without slowing

rehydration primers will be carried by the fluid front and transported downstream
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cross contaminating subsequent traps. Polysaccharides have commonly been used
as matrices for controlled drug release, as well as controlled release of dried
reagents in porous microfluidic deveices'*!, and therefore were selected for a
dissolution retarding matrix for the integrated primers.

Sucrose, dextran, and polyethylene glycol were selected for their solubility
in water, and general biocompatibility with polymerase chain reaction. Each was
dissolved at concentrations ranging 10-40% (w/w) and mixed with fluorescein salt.
A concentration of 20% (w/w) for each polymer was found to successfully balance
viscosity appropriate for deposition and dissolution time. The different mixtures
were spotted on the COP substrate and dried down. A droplet of water with a
comparatively large volume was added to the spot and fluorescence was recorded
over time. In this way the approximate dissolution time (diffusion limited) for each

additive was determined. Likewise sucrose, dextran, and PEG spots were

Figure 5.3: Image sequence of PEG and fluorescein
salt being rehydrated by sample self-loading in the
SLD chip. Approximate dissolution time was
calculated when the initial bright spot was dispersed
and could no longer be distinguished in trap.
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incorporated into an SLD device and then self-loaded with sample solution to
confirm the effect of advective flow in the traps. Fluorescence in the traps was
recorded over time to determine the approximate dissolution time with the addition
of advection. Figure 3 shows fluorescence over time from PEG 20% (w/w) and
fluorescein salt spots as solution is self-loading through the device. While
increasing polymer chain length did show improvement it was not to an acceptable
level for retaining a sufficient amount of primer without contaminating downstream
wells in the time it would take to load the chip. In another approach gelatin was
tested to retain primers to the trap during loading. Gelatin improved diffusion
limited transport and could fully expel the incorporated dye when heated above its
melting point, however during device testing once the gel was hydrated advection
would dominate dissolution and disperse the fluorescein salt at a similar time scale
to sucrose and PEG. To mitigate the effects of advection, paraffin wax, a
hydrophobic material containing hydrocarbons of the general formula CyHzn+2, was
explored. Paraffin wax has been shown to be both compatible with PCR and able
to protect dried reagents against flow,'* however controlled deposition of
protective paraffin films in um-scale dimensions has to our knowledge not yet been
demonstrated. A robust coating of paraffin overtop of a primer spot was able to
provide an indefinite protective barrier to primer dissolution. The paraffin could be
heated to above its melting point after sample solution was loaded to disperse the
primers into its reaction chamber. Table 5.1 summarizes the spotting and

dissolution data for the mentioned additives.
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Table 5.1: Summary of primer additive materials for reagent integration

MATERIAL SPOTTING CONTROLLED DISSOLUTION DISSOLUTION TIME
VARIABILITY RELEASE TIME (DIFFUSION +
(DIFFUSION) ADVECTION)
Sucrose (20%) 0=5.9% No 20s 2s
(MW =310 Da)
PEG (20%) 0=1.8% No 60 s 8s
(MW = 20,000 Da)
Dextran (20%) 0=14.3% No 90 s *N/A
(MW = 70,000 Da)
Gelatin 0=2.0% **Yes (T > 60C) 200+ s 5s
(300 bloom)
Paraffin Wax 0=2.5% Yes (T > 60C) Indefinite Indefinite

Note: *denotes that test was not attempted because spotting was too inconsistent
**denotes that controlled release was in the diffusion limited case only

5.3.3 Pin Spotting Tool Optimization

Temperature control was an integral factor in successfully spotting the
paraffin wax. It was found that a sufficiently thick layer of paraffin (>30 ums) was
required to completely protect the primers during flow. To achieve this thickness
the temperature had to be kept above the paraffin melting temperature of 37 °C, but
less than 50 °C where the paraffin would easily wet out on the surface of the COP.

If the wax wet the surface too easily it would spread outside the bounds of the trap

e [oJale o Jo 100}

Figure 5.4: (a) Image of a dried down PEG/primer spot.
(b) Image of a PEG/primer spot covered by a paraffin wax
capping layer. (c¢) Image of primer spots capped with
paraffin in the device chip.
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and compromise the bonding surface. Temperature control through convective
heating of the environment around the tool proved to be difficult because no direct
measurements of the pin temperature could be made. The pin has to be completely
free floating or damage can occur during contact with the stage. Because of the lack
of temperature control, relying on the pin capillary to draw in wax, maintain the
optimal temperature, and dispense it upon contact with the substrate produced poor
results. The more successful approach was a “pick and place” technique where a
solid pin would be dipped in a hot wax bath (T = 100 °C) and when retracted would
retain a dollop of wax slightly larger than the pins outer diameter. The pin would
then make contact with the substrate held at 42 °C by an integrated Peltier element
in the stage, and the wax would melt with a viscosity that resulted in a sufficiently

think mound covering the primer spot.

5.3.4 Reagent Integration and Controlled Release

Polyethylene glycol (PEG) was included as an additive to the primer
solution at a concentration of 20% (w/w). The PEG served to improve the long term
stability of the dried down oligomers as well as increase the viscosity of the spotting
solution, reducing spot variability. Additionally, when dried down the PEG additive
crystalized into a solid which served as a way of visualizing the primers so that
proper alignment with the subsequent wax deposition could be easily characterized.
Using a 300 pm diameter pin tip PEG 20% (w/w) mixed with primer resulted in a
nominal spot size of 113.5 um (¢ = 2.1 um) (Fig 4a). The spot had a contact angle
of 45° with the COP film resulting in an estimated deposited volume of

approximately 0.2 nL.
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Paraffin wax was using as a capping layer for the PEG/primer spot. Using
a 200 um diameter pin resulted in a nominal paraffin wax spot size of 249.4 um (o
= 6.3 um) (Figure 5.4b). Paraffin capped primers were spotted into the upper center
of the traps because that was the center of the reaction volume that was captured
during loading (Figure 5.4c). The paraffin provided a robust protective layer
overtop the primers preventing rehydration during several repeated flushes with
Methanol, Isopropanol and DI water though the device. To demonstrate controlled
release of the incorporated primers fluorescein salt was added to the primer
solution. The chip was loaded and backfilled with oil with no measureable
difference in the fluorescence of the spots. Images were then taken as the chip was
heated up to 70 °C (Figure 5.5) showing the fluorescence dispersing from the
original spots as the temperature reaches ~65 °C. To confirm that the paraffin
would not inhibit the PCR reaction it was added to the multiplex assay and tested
against a reaction mixture without paraffin. It was found to have no effect on the

efficiency of the reaction based on the comparison of the respective C; values.

5.3.5 Loading Performance

Proper self-loading of the device relies on the surface interactions of the
sample solution and the chip substrate. A model of surface tension driven staggered
trap loading is presented in (Chapter 4). In order to integrate PCR reagents, a
paraffin wax is deposited on the surface of the traps resulting in a deviation in
loading percentage from the previously described model because of the added
hydrophobicity. Initially, the SLD chip trap depth was 100 um to provide better

sample retention in the traps during the capillary pump induced purging. However,
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after incorporating the paraffin spots, aqueous sample solution would circumvent
the hydrophobic wax surface and leave behind an air bubble in the traps over the
paraffin mounds. To overcome this the depth of the channels was increased such

that a lesser pressure change would be required to overcome the hydrophobic wax

Figure 5.5: Image sequence showing temperature controlled
release of fluorescein salt mixed with primer and PEG printing
solution. After loading sample solution the chip was heated up
to 70 °C showing original fluorescent spots dispersing
throughout the wells.

mound. Trap depth had to be limited however because self-loading and sheer
induced separation during purging would be negatively impacted by increasing the
characteristic length of the system (depth). Ultimately a trap depth of 250 um was
found to be the optimum for reliable bubble free loading while also providing
sufficient sample retention during purging. Initial loading experiments with the
given trap dimensions of 900 um (wide) x 900 um (long) x 250 um (deep) resulted
in a mean captured volume of 92 nL (RSD = 9.2%). Digitized volume was
extrapolated by using image analysis to measure the surface area of the captured

sample and multiplying it by the depth of the trap.
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5.3.6 Multiplex PCR

The ability to detect different template DNA based on the specific integrated
primer sets was important in proving the utility of the platform for potential use in
bacterial species identification and antibiotic resistance screening. Primer sets were
designed to demonstrate two scenarios: 1) primer sets compatible with template
would amplify while non-compatible primers would not, 2) if both primer sets
would amplify with the loaded template then their respective melt temperatures
(Tm) could be distinguished during an on-chip HRMA. To accomplish the first
scenario we designed a primer set p19 that would amplify pUC19 template and a
primer set (p322) that would not. For the second scenario we insured that p19 would
also amplify with pBR322 template so when loading pBR322 template both p19
and p322 primer sets would be amplified, but yield amplicons with differing melt
temperatures. Figure 5.6a shows an illustration summarizing the expected
experimental outcomes. Both primer sets were designed to amplify under the same
thermocycling conditions - 20 cycles of 95 °C for 15 s, 60 °C and 72 °C for 30 s.
The assay was run on a Roche LC480 beforehand and HRMA confirmed that the
p19 primers and pBR322 template reaction yielded amplicons that had a Tm of -
2.3°C relative to amplicons produced by p322 primers and pBR322 template.

The platform was designed to minimize workflow such that only two
pipetting steps is all that is required to discretize a sample into 10s — 100s of
reactions. This was realized experimentally with a 16 trap device was loaded in less
than 60 s. We achieved a trap loading percentage of 75% and 100% for pUC19

template and pBR322 template loaded chips respectively. The pUC19 loaded chip
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failed to load two traps filled with p19 and two traps filled with p322 due to air
bubbles formed upon initial sample loading, which expanded during thermocycling
and expelled the reaction volume into the main channel.

After loading the integrated primer mix was released from its wax coating
during the PCR routine during the “hot start” phase when the device was heated to
95 °C. Traps loaded with p19 primers amplified as expected with a mean C;=10.38
(o = 0.55), while traps loaded with the p322 template did not produce any
discernable amplicons. HRMA showed that the traps filled with p19 produced an
amplicon with a mean T, = 86.4 °C (o = 0.3 °C).

(a) =3
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M p322amplicon
pBR322
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PCR PCR
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(b) pBR322 template | pUC19 template
primer set C T Image C Tn Image
13.7 89.5°C No No
p322 (2.2) (0.7) Amplification Amplification
14.6 87.3°C 104 86.4 °C
p19 2.5) 0.7) (0.5) (0.3)

Figure 5.6: (a) Experimental design of the two step multiplex assay that was tested on the platform.
(b) Table of experimental results with pUC19 template and pBR322 template loaded chips.

The chip loaded with pBR322 template loaded all traps successfully. Traps
filled with the p19 primers amplified a product with a mean T, = 87.3 °C (6= 0.7
°C), and traps filled with p322 primers produced an amplicon with a mean T =
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89.5 °C (o = 0.7 °C). A ATy of 2.2°C between p19/pBR322 and p322/pBR322
amplicons is in good agreement with the AT, measured on the LC480. It is worth
noting that two traps loaded with p19 and three traps loaded with p322 primers did
not amplify even though reaction volumes remained in the traps during operation.
One explanation for no amplification is that the wax layer was deposited to thinly
over the primer spot which led to the primers getting washed out during sample
loading. A future more comprehensive study of factors affecting wax layer quality,
or ways to characterize wax quality without altering the chip, would help mitigate

this issue.

5.4 Conclusion

This work demonstrates a self-loading and digitizing platform for
performing multiple discrete PCR reactions requiring only a pipette for sample
loading. A new strategy for pre-depositing primer sets and protecting those primer
sets from rehydration during sample loading was explored using a custom designed
pin spotting instrument. Several different matrices were optimized for slowing
primer rehydration. Ultimately, paraffin proved to not only be the most robust in
protecting the underlying primers, but primers could also be release from the
protective layer by melting. Deposition of the PEG/primer solution and the paraffin
wax was optimized to achieve consistent spotting, 113.5 um (6 =2.1 pm), and 249.4
um (o = 6.3 um) mean spot sizes respectively. Taking advantage of the unique
capability a multiplex assay was designed with two primer sets that amplified with
the pUC19 and pBR322 plasmid vectors. When pUC19 template was loaded into

the chip only p19 loaded traps amplified and produced the correct amplicon with a
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Tm=86.4 °C (6 = 0.3 °C). When pBR322 template was loaded into the chip both
p19 and p322 loaded traps showed amplification. HRMA was used to confirm that
p19 amplicons had a T, = 87.3 °C (o = 0.7 °C) and p322 amplicons had a Tr, =
89.5 °C (6 = 0.7 °C), a AT in good agreement with prior assay characterization
using an LC480. The SLD platform’s unique capability for integrating highly
scalable multiplexed assays coupled with simple and instrument free workflow
provides great potential for point-of-care diagnostics, particularly for bacterial

species identification and resistance screening.
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Chapter 6: Conclusion

6.1 Summary

The last 20 years microfluidic technology development has set the stage for
a paradigm shift in medical diagnostics by enabling sample volume reduction, low
reagent consumption, rapid analysis times, portability, multiplexed analysis, and
assay automation. Yet, extracting value from these capabilities requires careful
consideration of important practical criteria for device operation (Table 5.1). In this
dissertation a suite of technologies for conducting multiplexed nucleic acid analysis
were explored with a focus on ASSURED criteria to realize a microfluidic PCR
platform that has the potential to advance practical POC diagnostics. In using PCR
compatible thermoplastics with sufficient thermal performance, integrated heating
elements, and PID control, it was demonstrated that rapid and efficient PCR could
be performed on a relatively simple and low cost platform. These thermoplastics
also possess favorable surface properties for self-loading operation, and when
coupled with a novel sample discretizing trap technique, multiplexing was achieved
with a significant reduction in supporting equipment usually required for such
operation like, syringe pumps, centrifugal systems, valving, and interfacing.
Integrated reagents also simplified workflow and reduced overall consumable
requirements and cost. A multiplexed PCR device utilizing the presented
technologies will more closely adhere to the ASSURED criteria than current
strategies, and thus be better positioned to better address future healthcare

challenges.
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Table 6.1: Summary of ASSURED criteria with target specifications for POC HIV diagnosis
outlined by Wu et al.!, and specifications reached by the platform presented in this work. Although,
target specifications were specific to HIV diagnosis they are applicable to this platform at the system
level.

Criteria Target Specifications' This Platform
Affordable < $500 per machine, < $10 pertest | ~US$ 500 per machine, ~$4 per
chip
User-friendly 1-2 days of training, easy to use simple pipet training, automated
PCR and HRMA
Rapid and Robust | <30 minutes for diagnosis, minimal | 15 min for diagnosis, integrated
consumables (i.e. pipettes, reagents, | reagents, requires only
etc.), high throughput pipette/oil/PCR adhesive film,
high  throughput  (768-plex
potential)
Equipment —free compact, battery powered, on-site | small footprint, low power
data analysis, easy disposal, easy | operation/battery powered, data
sample handling, no cold chain analysis algorithm, disposable

6.2 Contributions to the Field

This worked aimed at demonstrating a multiplex PCR platform under the
ASSURED criteria resulted in several significant contributions to the field of

microfluidics, which will be summarized below by section.

6.2.1 Rapid PCR in Low Conductivity Thermoplastics

A fabrication process for high resolution embossing and bonding thin film
microfluidic substrates to minimize their thermal mass was developed (Figure 2.2).
In addition, a process for deposition of gold heating and sensing elements on the
backside of a microfluidic device without compromising their thermal performance
was developed (Figure 2.2). Realizing rapid thermocycling times on a
thermoplastic platform, an achievement that has come with added complexity and

84,85,93

costs in other approaches, required significant thermal modeling and design

optimization in addition to process development. COMSOL multiphysics software
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was used to build a comprehensive simulation incorporating heat transfer physics
and PID control. Dimensions of the bottom COP film thickness and reaction
chamber depth were varied over ranges that were selected based on material and
fabrication process constraints. From these results (Figure 2.5a,b), a direct
correlation between each geometric parameter and the thermal rise time is
observed, suggesting that smaller sealing layer thickness and chamber depth are
desired. The model was also used to compare cycle times under open-loop and
closed-loop control (Figure 2.5¢). For closed-loop control, the input voltage was
modulated using a PID control algorithm and temperature feedback from the sensor
element. Proportional, integral, and derivative controller constants were varied to
optimize cycling speed and control authority at each step. Optimized parameters
were incorporated into the final systems and validated experimentally with a sub-
14 second cycle time (Figure 2.6). Furthermore, amplification of a mutant G6PC
gene sequence from hgDNA indicative of Von Gierke’s disease was successfully
performed under a variety of PCR conditions, with on-chip HRMA proving to be
robust for identifying PCR product melting temperature within 0.6% of the known
value for G6PC. Overall, this work reported key parameters for achieving high
thermal performance on thermoplastic substrates using a simple integrated

approach.

6.2.2 Fabrication of High Quality Expansion Valves for Stop Flow with Low

Surface Tension Fluids

Fabrication high quality hydrophilic expansion valves capable of extended

flow stopping using low surface tension fluids was reported in this work.
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Hydrophilic capillary expansion valves have been investigated by several
groups.!'1157117 However, their use in thermoplastic PCR chips places significant
demands on the valve design due to the low surface energy of the COP surface, the
low nominal surface tension of the PCR reaction mixture, and the further reduction
of surface tension that occurs by heating of the mixture during amplification. To
further enhance valve burst pressure for PCR operation, a fabrication process that
could reproducibly generate valves with widths and depths of 60 pm and 30 pm
respectively, with expansions angles of 120° was developed. When a device was
loaded the fluid front would advance by capillary action through the reaction
chamber and halt at the valve so as to self-meter consistent volumes (Figure 2.4).
The integrity of the valve was evaluated over the course of 50 thermocycles, with
no bursting of the valve observed. Compared to previous reports of large expansion

angle valve designs,!'

the demonstrated ability to maintain a long-term passive
seal using low surface tension fluids is unique. This simple and robust passive
valving coupled with capillary loaded serves to reduce operational error while

eliminating the need for complex fluidic interfacing, valving, or pumps during the

loading process.

6.2.3 Novel Staggered Trap Array for Robust Sample Discretization

A novel trap design for sample discretization in capillary loaded systems is
reported. The use of selective pinning of the advancing fluid front by sequential
trap elements was shown to enable efficient discretization of sample into traps with
length:width aspect ratios above unity. The impact of contact angle and trap

geometry on filling length was explored analytically (Figure 4.3 — 4.5), and

94



reliability of the filling process was investigated experimentally using 46 different
design variations selected to demonstrate the value of the model as a predicative
tool across a broad design space (Figure 4.7). Passive self-loading and
discretization was successfully demonstrated in a thermoplastic microfluidic
device, and scaled up to a high density trap array (Figure 4.8) capable of repeatable
sample loading and digitization. By taking advantage of substrate surface tension
during sample discretization, the need for oil initialization prior to sample
introduction was eliminated, and chip operation without the need for pressure-
driven flow or other external actuation was enabled. Because the discretization
platform offers a simplified workflow, flexible trap design, reliable discretization,
and repeatable operation using low-cost thermoplastic substrates, the technology
may be of particular interest for use in multiplexed point-of-care diagnostic

applications.

6.2.4 Staggered Trap Array for Multiplexed PCR with Integrated Reagents

Implementation of the staggered trap array for multiplexed PCR
necessitated the integration of reagents into each trap so independent reactions
could occur from one sample. A pin spotting deposition technique that allowed or
high resolution spatial control over 3-axis was developed towards this end. We
reported highly repeatable deposition (RSD = 1.8%) of printing solutions consisting
of primers and 20% (w/w) PEG additive (Figure 5.4a). To protect the integrated
reagents paraffin wax was deposited overtop of the primers using a “pick and place”
strategy to produce highly repeated paraffin spots (RSD = 2.5%) with sufficient

thickness (Figure 5.4b). Controlled release is also demonstrated (Figure 5.5) by
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keeping spotted primers encapsulated until the paraffin melting temperature is
reached. Finally, it was shown using a 2-plex PCR assay that the reagent integration
process did not affect primer functionality and there was no cross contamination
during sample loading (Figure 5.6b). This is the first demonstration of the
deposition of pL scale volumes of different materials to form complex constructs
for controlled reagent release, and with it brings the potential to reach the
multiplexing levels of droplet microfluidics in a much simpler format. Moreover,
the ability to integrate reagents at the manufacturing level can drastically reduce
operational workflow and consumable costs. Taken together this achievement
represents a significant advancement in diagnostic capability in accordance with

ASSURED criteria.

6.3 Future Work

The work presented in this dissertation provides the proof-of-concept for
the staggered trap multiplexed array platform. That said, there are several platform
improvements and enhancements that can be made and should serve as the focus of
future work.

Platform improvements in fabrication could be explored to reduce
operational issues. CNC milling was used to mill the staggered trap array substrates
because it was simple to incorporate precisely positioned holes for alignment with
the patterned reagent films. However, direct milling left debris and flash at the
bonding interface which could sometimes not be fully removed even after rigorous

sonication. Flash and debris would get sandwiched between the substrates and
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cause voids to form in the bonding layer between the two chips. These voids would
serve as nucleation points for trapped air to expand and circulate the main channel
during thermocycling. Fabricating the trap array substrate by embossing would
result in a smoother surface and eliminate the ability for voids to form in the
bonding layer. The 2-step embossing process outlined in Figure 2.2 already shows
the merit of an embossing process as air bubbles were not observed in the rapid
PCR device. Future work would involve developing a technique to pattern
alignment holes during the embossing process, as well as optimizing embossing
conditions to yield sharp channel features after demolding.

Trap density is also limited when using a direct milling approach because
tooling under 100 pum is just too fragile for reliable use. A minimum trap volume
of about 300 pL (L=100um, w=100um, d=30um) is achievable using direct milling.
Lithographic patterning offers the potential for much smaller minimum feature size
(minimum trap volume of about of <100 pL) as well as the ability to pattern curves
and angles that are just not possible with direct milling. Development of a process
using SUS photolithographic patterning to emboss the secondary mold would allow
for dense arrays in addition to higher quality molds.

Higher density arrays would also require higher density reagent deposition.
Reagent deposition spots can be controlled by the pin size, and pins down to 15 pm
capillary diameter can be purchased commercially. However, reduction in capillary
diameter requires further optimization of spotting solution components. Additives
such as glycerol are used to control viscosity, leading to more consistent spots,

while PEG additives were shown to work best for solidify the primer spots so that
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a layer of paraffin could be deposited over top. Yet, there is a critical concentration
where too much additive will result in polymer precipitates that clog the pin tip.
Future work would entail optimizing the concentration of these additives for
consistent spotting at this scale. Other techniques such as direct printing could also
be used. Direct printing of relatively concentrated sucrose solutions has already

been demonstrated by the Yager group.'*!

While printing of paraffin wax is
commonly used for patterning channel features in paper microfluidics.'*
Exploration of a direct printing approach could reduce minimum deposited volume
for higher density arrays, and at the same time provide a process more compatible
with roll-to-roll manufacturing.

Several system level enhancements would make the multiplexed platform
more impactful. A key limitation of the current platform is the lack of integrated
sample preparation. Sample preparation is needed to isolate and enrich target
constituent (i.e. DNA) from complex biological media (e.g. stool, sputum, blood).
It is common for sample preparation to be integrated at the front end of microfluidic
diagnostic platforms,””%!*+14> However, due to the wide range of sample
processing requirements specific to each assay, integrated sample preparation can
constrain the utility of the platform and add unnecessary complexity in downstream
system design. On the other hand, separating sample preparation with downstream
PCR amplification and analysis results in two independent systems that are simpler
and in practice do not add significantly to the overall workflow. Commercial

sample preparation modules like Cepheid GeneXpert!#® have been proven effective

for cancer and bacteria assay workflows and could be used in conjunction with the
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multiplex platform. Alternatively, our group has shown relatively simple
fabrication and integration of porous polymer elements for DNA capture and cell
lysis, two important steps in the sample preparation process.'*’!*® These capture
elements could be incorporated into a pipette tip or syringe for example when
extracting patient sample, and not add workflow to the downstream PCR platform.
Ultimately, the sample preparation module should be developed under the same
ASSURED criteria as the PCR platform.

Another potential enhancement is reduction of system footprint. The custom
PCR system (Figure 2.3c) that was used to test the PCR devices was built from off-
the-shelf components with little focus on footprint. Optical components (e.g. LED,
camera) still prevent the system from achieving a portable size. Exploring the use
of board level cameras, and custom LEDs to shrink the optical setup to a smaller
size is a worthwhile direction for future work. In fact, there have already been
demonstrations of commercially available board level cameras being integrated
into microfluidic systems.!*’ Focus on systems engineering could potentially shrink
the system down to the size of a USB stick, as has been done by Gurrala et al. for
HIV detection.!*

Finally, the most impactful future work could be application of the
microfluidic platform to clinically relevant multiplexed assays. There are several
multiplexed panels that have been cleared by the FDA for identification of pathogen
strains and associated antibiotic resistance.!* These panels could be adopted for
use in the presented multiplex device by synthesizing the primers sets in high

concentration and depositing them using the method outlined in Chapter 5.
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Appendices

Appendix 1:
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Measurements of thermistor resistance during temperature cycling between room
temperature and 95 °C plots over sequential 3 cycles. Heating (hollow dots) is
followed by cooling (filled dots). All chips used in this work were burned in
using a minimum of 3 temperature cycles to reduce hysteresis error to below
0.5% over the full PCR temperature range.
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Appendix 2:

#include <PID_v1.h>
#include <SPLh>
#include "Adafruit MAX31855.h"

//Define constant voltage thats modulated via mosFET
//Constant Voltage >=V and A where T = 95C during calibration
float V =2.5; // @264 mA

int PWR =5;

//Define thermocycling parameters time is in msec
int numCycles = 100;

int hotstartTime = 30000;

int denatureTime = 5000;

int anneal Time = 4500;

int extensionTime = 4500;

//Initailize timers
unsigned long timeStamp = 0;
unsigned long timer = 0;

//Define parameters of chip calibration for temperature conversion
float m_M = 17.804; //slope of the calibration equation in the form of [T = m*V + b]
float b M = 26.662; //the intercept of the calibration curve

//Define conversion factor for mismatch between sensor and reaction chamber
float m = 1.0142;
floatb =-6.1781;

//Define PID variables and tuning parameters

double denatureSetpoint, annealSetpoint, extensionSetpoint, Input, Output;
double denatureKp = 20, denatureKi = 10, denatureKd = 0.5;

double annealKp = 30, annealKi = 20, annealKd = 0.5;

double extensionKp = 10, extensionKi = 5, extensionKd = 0.2;

//Specify the links and initial tuning parameters for each temperature step

PID denaturePID(&Input, &Output, &denatureSetpoint, denatureKp, denatureKi, denatureKd, DIRECT);

PID annealPID(&Input, &Output, &annealSetpoint, annealKp, annealKi, annealKd, DIRECT);

PID extensionPID(&Input, &Output, &extensionSetpoint, extensionKp, extensionKi, extensionKd, DIRECT);

//Image Capture Parameters:

int CCD = 9; //CCD trigger I/O pin 9

int LED = 11; //LED trigger 1/0 pin 11

int expt = 500; /CCD exposure time in milliseconds

void setup()

pinMode(LED, OUTPUT); // initialize the led digital pin as an output.
pinMode(CCD, OUTPUT); // initialize the CCD trigger digital pin as an output.
pinMode(PWR, OUTPUT); // initalize the power PWM pins as output

//initialize the variables we're linked to
Input = readTemp();

denatureSetpoint = 94;

annealSetpoint = 66;
extensionSetpoint = 71;

//turn the PID on
denaturePID.SetMode(AUTOMATIC);
annealPID.SetMode(AUTOMATIC);
extensionPID.SetMode(AUTOMATIC);

//nitalize serial monitor

Serial.begin(9600);
Serial.printIn("Benchtop PCR Program");
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// wait for MAX chip to stabilize
delay(500);

void loop()

// Run all PCR cycles until done:
for (int i = 0; i <= numCycles; i++)

Serial.println();
Serial.print("CYCLE# ");
Serial.println(i);

if (i < 1) //hot start is on the first cycle

//Hot Start
timeStamp = millis();

while (millis() < (30000 + timeStamp))
{

Input = readTemp();
denaturePID.Compute();
analogWrite(PWR, Output);
float CV =V * (Output / 255);
timer = millis();
Serial.print("HS: ");
Serial.print(";t =");
Serial.print(timer);
Serial.print(" ;T=");
Serial.print(Input);
Serial.print(" ;CV =");
Serial.print(CV);
Serial.printIn(";");

}

// Anneal:

timeStamp = millis();

while (millis() < (4500 + timeStamp))
{

Input = readTemp();
annealPID.Compute();
analogWrite(PWR, Output);
float CV =V * (Output / 255);
timer = millis();
Serial.print("A: ");
Serial.print(";t =");
Serial.print(timer);
Serial.print(" ;T=");
Serial.print(Input);
Serial.print(" ;CV =");
Serial.print(CV);
Serial.printIn(";");

}

// Extension:

timeStamp = millis();

while (millis() < (4500 + timeStamp))
{

Input = readTemp();
extensionPID.Compute();
analogWrite(PWR, Output);
float CV =V * (Output / 255);
timer = millis();
Serial.print("E: ");
Serial.print(";t =");
Serial.print(timer);
Serial.print(" ;T=");
Serial.print(Input);
Serial.print(" ;CV =");
Serial.print(CV);
Serial.printIn(";");

i

// Image Capture Sequence
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digitalWrite(LED, HIGH); //trigger the LED on by making the voltage HIGH
digitalWrite(CCD, HIGH); //trigger the CCD on by making the voltage HIGH
delay(expt); //delay for the specified exposure time

digital Write(CCD, LOW); //trigger the CCD off by making the voltage LOW
digitalWrite(LED, LOW); //trigger the LED off by making the voltage LOW
Serial.print("Image Capture: Cycle ");

Serial.println(i);

if 1>=1 && 1 < numCycles)

// Denature:

timeStamp = millis();

while (millis() < (5000 + timeStamp))

{
Input = readTemp();
denaturePID.Compute();
analogWrite(PWR, Output);
float CV =V * (Output / 255);
timer = millis();
Serial.print("D: ");
Serial.print(";t =");
Serial.print(timer);
Serial.print(" ;T=");
Serial.print(Input);
Serial.print(" ;CV =");
Serial.print(CV);
Serial.println(";");

}

// Anneal:

timeStamp = millis();

while (millis() < (4500 + timeStamp))

{
Input = readTemp();
annealPID.Compute();
analogWrite(PWR, Output);
float CV =V * (Output / 255);
timer = millis();
Serial.print("A: ");
Serial.print(";t =");
Serial.print(timer);
Serial.print(" ;T=");
Serial.print(Input);
Serial.print(" ;CV =");
Serial.print(CV);
Serial.println(";");

}

// Extension:

timeStamp = millis();

while (millis() < (4500 + timeStamp))

{
Input = readTemp();
extensionPID.Compute();
analogWrite(PWR, Output);
float CV =V * (Output / 255);
timer = millis();
Serial.print("E: ");
Serial.print(";t =");
Serial.print(timer);
Serial.print(" ;T=");
Serial.print(Input);
Serial.print(" ;CV =");
Serial.print(CV);
Serial.println(";");

// Image Capture Sequence

digitalWrite(LED, HIGH); //trigger the LED on by making the voltage HIGH
digitalWrite(CCD, HIGH); //trigger the CCD on by making the voltage HIGH
delay(expt); //delay for the specified exposure time

digitalWrite(CCD, LOW); //trigger the CCD off by making the voltage LOW
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digitalWrite(LED, LOW); //trigger the LED off by making the voltage LOW
Serial.print("Image Capture: ");
Serial.println(i + 1);

if (i == numCycles)

//Final Extension:

timeStamp = millis();

while (millis() < (30000 + timeStamp))
{

Input = readTemp();
extensionPID.Compute();
analogWrite(PWR, Output);
float CV =V * (Output / 255);
timer = millis();
Serial.print("FE: ");
Serial.print(";t =");
Serial.print(timer);
Serial.print(" ;T=");
Serial.print(Input);
Serial.print(" ;CV =");
Serial.print(CV);
Serial.println(";");

}
break;
h
}
}

float readTemp() //readTemp function performs a mode filter

int NUM_READS = 100; /number of samples
int sensorpin = Al; //temperature sensor input

// read multiple values and sort them to take the mode
int sortedValuesflNUM_READS];
for (int i = 0; i < NUM_READS; i++) {
int value = analogRead(sensorpin);
int j;
if (value < sortedValues[0] || i == 0) {
j = 0; //insert at first position
}
else {
for G=1;j <i;j++) {
if (sortedValues[j - 1] <= value && sortedValues[j] >= value) {
//j is insert position
break;
}
}

}

for (int k = i; k > j; k--) {
// move all values higher than current reading up one position
sortedValues[k] = sortedValues[k - 1];

sortedValues[j] = value; //insert current reading
}
//return scaled mode of 10 values
float returnval = 0;
for (inti=NUM_READS/2-5;i<(NUM_READS /2 +5); it+)
{
returnval += sortedValues[i];
}
returnval = returnval / 10;
float V = returnval * (5.0 / 1023);
float T M=m_M * V +b_M; //temperature conversion to model
float T=m * T_M + b; //temperature transformation based on mismatch between sensor reading and chamber temp
return T;
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Appendix 3:

#include <PID_v1.h>
#include <SPLh>
#include "Adafruit MAX31855.h"

//Voltage supply set to 3.0V constant voltage
int PWR = 5;

//Initailize timers
unsigned long timeStamp = 0;
unsigned long timer = 0;

double Temp;

//Define parameters of chip calibration for temperature conversion
float m_M = 17.804; //slope of the calibration equation in the form of [T = m*V + b]
float b M = 26.662; //the intercept of the calibration curve

//Define conversion factor for mismatch between sensor and reaction chamber
float m = 1.014;
float b =-6.178;

//Image Capture Parameters:

int CCD = 9; //CCD trigger I/O pin 9

int LED = 11; //LED trigger 1/0 pin 11

int expt = 1000; //CCD exposure time in milliseconds

int pwm = 115.0;
int tempdata = 0;

void setup()

pinMode(LED, OUTPUT); // initialize the led digital pin as an output.
pinMode(CCD, OUTPUT); // initialize the CCD trigger digital pin as an output.
pinMode(PWR, OUTPUT); // initalize the power PWM pins as output

//nitalize serial monitor
Serial.begin(9600);
Serial.println("Benchtop HRMA Program");

// wait for MAX chip to stabilize
delay(1000);

void loop()

while (tempdata < 71) //limits the loop to the last melt setpoint
{
timeStamp = millis();
while (millis() < (timeStamp + 10000)); //takes timestamp and then for 10 seconds stays on one PWM output value

float Temp = read Temp();

analogWrite(PWR, pwm);

timer = millis();

if (timer > 10000) //looks for a range for the melt temperature due to float point decimals

// Image Capture Sequence

digitalWrite(LED, HIGH); //trigger the CCD on by making the voltage HIGH
digital Write(CCD, HIGH); //trigger the CCD on by making the voltage HIGH
delay(expt); //delay for the specified exposure time

digitalWrite(CCD, LOW); //trigger the CCD off by making the voltage LOW
digitalWrite(LED, LOW); //trigger the CCD off by making the voltage LOW
Serial.println(Temp);

tempdata = tempdata + 1; //adds increment value to the melt set point

pwm = pwm + 2; //add to the output to try and drive the temperature up

break;
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h
}
H
h

float readTemp() //readTemp function performs a mode filter

int NUM_READS = 100; //number of samples
int sensorpin = A1; //temperature sensor input

// read multiple values and sort them to take the mode
int sortedValuesflNUM_READS];
for (int i = 0; i <NUM_READS; i++) {
int value = analogRead(sensorpin);
int j;
if (value < sortedValues[0] || i == 0) {
j = 0; //insert at first position
}
else {
for j=1;j <i;j++) {
if (sortedValues[j - 1] <= value && sortedValues[j] >= value) {
//j is insert position
break;
}
}
i
for (int k =1; k> j; k--) {
// move all values higher than current reading up one position
sortedValues[k] = sortedValues[k - 1];

sortedValues[j] = value; //insert current reading
I
//return scaled mode of 10 values
float returnval = 0;
for (inti=NUM_READS /2 - 5;i<(NUM_READS /2 + 5); i++)
{
returnval += sortedValues[i];
5
returnval = returnval / 10;
float V = returnval * (5.0 / 1023);
float T M=m_M *V + b_M; //temperature conversion to model
float T=m * T_M + b; //temperature transformation based on mismatch between sensor reading and chamber temp
return T;
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Appendix 4:

function [f, gof] = HRMA(Temperature, MeanIntensity)
%CREATEFIT(VARNAMEI,VARNAME2)

% Create a fit.

%

% Data for ' HRMA' fit:

% X Input : VarNamel

% Y Output: VarName2

% Output:

%  f:afit object representing the fit.

%  gof: structure with goodness-of fit info.

%% Fit: 'HRMA'.

[xData, yData] = prepareCurveData( Temperature, MeanIntensity);

% Set up fittype and options.

ft = fittype( 'smoothingspline' );

opts = fitoptions( 'Method', 'SmoothingSpline' );
opts.SmoothingParam = 0.4126620833002733;

% Fit model to data.
f= fit(xData, yData, ft);
[f, gof] = fit(xData, yData, ft, opts);

%Output the derivative of the spline fit at the x data point
d_dT = differentiate(f, xData);
neg d dT=d dT*(-1);

%Find melt peak
[M,I] = max(neg_d_dT);
T _m = xData(I);

% Plot Melt Curve Data with fit.

figure( 'Name', 'Melt Curve' );

h = plot( f, xData, yData );

legend( h, 'Melt Data', 'spline fit', 'Location', 'NorthEast' );
% Label axes

title('Melt Curve' );

xlabel ('Temperature (degC)");

ylabel (‘'Fluorescence (470 — 520 nm)');

grid off;

% Plot HRMA.

figure( 'Name', 'HRMA");

h = plot( xData, neg_d dT);

z=line([T_m,T m],[0,M],'Color',[1 0 0],'LineStyle',-.");
legend(z, ['T_m =", num2str(T_m)], 'Location’, NorthEast' );

% Label axes

title((HRMA");

xlabel ('Temperature (degC)");

ylabel ('-(d/dT) Fluorescence (470 — 520 nm)');
grid off;
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Appendix 5:

Appendix 5 present the geometric models used to establish the relationships between physical
system parameters, including contact angle (8,) and channel width ratio (CR), and the resulting
filling ratio (FR) that defines the degree of intrusion of fluid into a given trap. For each model, the

non-linear system of equations with associated constraints were solved in Mathematica to determine
the fluid intrusion length (f) for each design.

Geometric model for a single-sided trap design.

(x:n ya) ---------
f
\‘ (xb7 yb)
1
1]
1
1
:
H We
(XU’YD) ,I
)
©,0) (Xc5 ¥
Wi
Assumptions: Constant interface curvature
Unknowns:  Xq, Yo, Vo, T
Knowns: X0=0,Xp= Wy, X =Y, Vb =W, ¥.=0,6,0

Constraints: y, 2w, 17 =0
Equation 1:  xo%+ (y, — y9)? = r;?
Equation2:  (w; — x0)%2+ (W, — y5) 2= 1,2
Equation3: (¥, — Xo)? + ¥ = n?
Equation4: tan(p) = —>—

Ya=Yo
Solve: f =y, —w,

109



Geometric model for the double-sided trap design.

1
]
L]
i We
(0’0) (XOs Yu) :
J
Assumptions: Constant interface curvature, symmetric advancement of

interfaces along both trap walls
Unknowns: x4, V.7
Knowns: X, =0, x, = wt,yozo,yb:%,ycz 0,6, ¢
Constraints:  y, = %, 1 =0, 6;;,,(CR)
Equation1:  x¢%2 + y,2 = 12
Equation2:  (w, — x0)? + (&)2 = 7,2

2
0

Equation 4: tan(p) = =

x
Ya

Solve: f =y, — %
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Model for determining 8,;,,,, defined as the upper limit of 8. above which fluid will not advance
into the trap. Note that Oiim is a function of the channel width ratio.

W

w w,
Constant curvature = x, = fand Vo = f

W

tan i = —
((pllm) W,

T

Oiim = Qum + )
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Geometric model for the staggered-sided trap design.

-
A -

(Xas ¥a)
f
We
o
(0! 0) (xc Ll yc)
[ —
P
Wi
Assumptions: Constant interface curvature
Unknowns:  X¢, Yo, Vo, T
Knowns: Xa=0,Xp= Wy, Xc=D, ¥p=Y0, Y. =0,0,¢

Constraints: vy, =w,, 17 =0,V = w,
Equation1:  xo2 + (¥z% — ¥o2) = 12
Equation2: (w; — x0)? = 1,2
Equation3: (p — x0)?+ Yo% = 1,2

Equation 4: tan(p) = yx"y
a—JYo

Solve: f =y, —w,
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Derivation for the p;;;,, which determines at what p the staggered configuration will act as a single sided
configuration because the pinning point is not reached before the interface contacts the opposite wall.

Note that pyi,, is

(x"d 2 }rﬂ}

'

a function of the filling ratio and advancing contact angle.

—.—‘

Assumptions:
Unknowns:
Knowns:
Constraints:
Equation 1:
Equation 2:
Equation 3:
Equation 4:

(Prim, ¥,)

Constant interface curvature
X0, Y0, Yar T
X =0, Xp = W, Yo =Dim» ¥c=0,6,0
Ve =W, 1720
x* + Puim — Y0)* = 1/°
We — x0)?+ (W, — ¥) 2 = 1/?

Piim — xo)2x+ yo? = 1°
t - 20
an((p) Plim—Yo

Solve for piim (FR, 6a) using the single sided model. If p > piim then pinning does not occur
for that configuration.
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Appendix 6a:

Loading data set for the self-loading and self-digitizing devices with trap depth

less than main channel depth. Mean and standard deviation reported for each set

of measurements.
Image FR (F/wy) | CR (wo/wy) | Config Filling % for each experiment Mean o
1 2 3 4
0.49 0.55 Double (1.00({0.93(1.00|1.00(1.00| 98.7% |0.03
0.64 0.55 Double |1.00(1.00|1.00|1.00 |1.00|100.0% |0.00
0.73 0.55 Double [1.00(1.00(1.00|0.90|1.00| 98.0% |0.04
0.88 0.55 Double [0.97(1.00(0.97|1.00(0.90| 96.7% | 0.04
1.06 0.55 Double [0.53(0.57(0.53|0.87(0.83| 66.7% |0.15
1.17 0.55 Double [0.53(0.40(0.53|0.57(0.53| 51.3% |0.06
1.31 0.55 Double [0.53(0.33(0.37|0.53(0.40 | 43.3% |0.08
0.88 0.55 Single 1.00(0.93|0.93|0.87|1.00| 94.7% | 0.05
1.06 0.55 Single 0.40{0.33|0.53|0.53|0.33 | 42.7% | 0.09
1.17 0.55 Single 0.20|0.60|0.53|0.13|0.20 | 33.3% |0.19
131 0.55 Single [0.07(0.13(0.20(0.20|0.20 | 16.0% | 0.05
1.59 0.55 Single 0.40|0.00|0.00|0.27|0.07 | 14.7% |0.16
0.88 0.55 Staggered | 1.00 | 1.00|1.00 | 1.00 | 1.00 | 100.0% | 0.00
1.06 0.55 Staggered 1.00 | 1.00|0.90|1.00|1.00 | 97.9% |0.04
1.17 0.55 Staggered (0.90(0.86 | 1.00|1.00|1.00 | 95.2% | 0.06
131 0.55 Staggered | 1.00 | 1.00| 1.00 | 1.00 | 1.00 | 100.0% | 0.00
1.59 0.55 Staggered [0.90(1.00|0.66 (1.00|0.93 | 89.7% | 0.13
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Loading data set for the self-loading and self-digitizing device with trap depth
equal to the main channel depth. Mean and standard deviation reported for each
set of measurements.

Image FR (f/w,) | CR (w,/w) | Config F"“T %fc;r eacl;expe;imen; Mean | ©
0.49 0.55 Double |1.00(1.00|1.00|1.00|1.00|100.0%|0.00
0.64 0.55 Double [0.97|1.00|1.001.00|0.97| 98.7% |0.02
0.73 0.55 Double |0.93(1.00{0.90|0.90|0.97 | 94.0% | 0.04
0.88 0.55 Double [0.97|1.00|0.97|1.00|0.90| 96.7% | 0.04
1.06 0.55 Double [0.50(0.47|0.57{0.77 0.67 | 59.3% |0.11
1.17 0.55 Double |0.47(0.63|0.60|0.57|0.63| 58.0% |0.06
131 0.55 Double [0.33/0.41|0.40(0.53|0.27 | 38.8% |0.09
0.65 0.55 Single 1.00(1.00|1.00(1.00|1.00|100.0%|0.00
0.76 0.55 Single 1.00(1.00|1.00(1.00|1.00|100.0%|0.00
0.88 0.55 Single 0.93]0.93|1.00|0.80|0.73 | 88.0% |0.10
1.06 0.55 Single 0.27|0.00|0.00|0.07|0.00| 6.7% |0.10
117 0.55 Single 0.00{0.47|10.47|0.33|0.33 | 32.0% |0.17
131 0.55 Single 0.00{0.00|0.00|0.00|0.00| 0.0% |0.00
1.59 0.55 Single 0.00{0.00|0.00|0.00|0.00| 0.0% |0.00
0.88 059 | Staggered | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 | 100.0% | 0.00
1.06 0.59 Staggered | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 100.0% | 0.00
117 0.59 Staggered | 0.97 (1.00|0.97|0.97 | 1.00 | 97.9% | 0.02
131 0.59 Staggered | 0.97(0.97|0.97|1.00|0.97 | 97.2% |0.01
1.59 0.59 Staggered | 0.55(0.48|0.280.31|0.31| 38.6% |0.11
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Appendix 6b

Parametric data set the self-loading and self-digitizing chip loading experiments.
Mean and standard deviation reported for each set of measurements.

Image

VAT

Filling % f h iment
FR (f/w,) | CR (w/w,)| Config fin or each experimen Mean | ©
1 2 3 4 5
0.60 0.31 Double |1.00(1.00(1.00(1.00|1.00|100.0%|0.00
0.73 0.31 Double |0.94|1.00|1.00|0.94(1.00| 97.8% |0.03
0.88 0.31 Double |0.78|0.56|0.83|0.83(0.83| 76.7% |0.11
1.02 0.31 Double |0.50|0.50|0.50|0.61(0.50| 52.2% |0.04
1.18 0.31 Double |0.50|0.50|0.33|0.22(0.56| 42.2% |0.12
0.49 0.55 Double |1.00|1.00|1.00|1.00|1.00]|100.0%|0.00
0.64 0.55 Double |0.97|1.00|1.00|1.00(0.97| 98.7% | 0.02
0.73 0.55 Double |0.93|1.00|0.90|0.90(0.97| 94.0% |0.04
0.88 0.55 Double |0.97|1.00|0.97|1.00(0.90| 96.7% | 0.04
1.06 0.55 Double |0.50|0.47|0.57|0.77|0.67| 59.3% | 0.11
1.17 0.55 Double |0.47|0.63|0.60|0.57|0.63| 58.0% |0.06
1.31 0.55 Double |0.33/0.41|0.40|0.53(0.27 | 38.8% |0.09
0.40 1.00 Double |1.00(1.00{1.00(1.00|1.00|100.0%|0.00
0.57 1.00 Double |0.97|1.00|0.97|1.00(1.00| 98.7% | 0.02
0.67 1.00 Double |0.87/0.93|0.90|0.80(0.93| 88.7% | 0.05
0.83 1.00 Double |0.75|0.77{0.90(0.53|0.83| 75.7% | 0.12
0.95 1.00 Double |0.64|0.80|0.60|0.50(0.77 | 66.2% |0.11
1.08 1.00 Double |0.33|0.40|0.37|0.30(0.30| 34.0% |0.04
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0.56 0.31 Single [1.00(1.00(1.00|1.00 |1.00 |100.0% |0.00
0.70 0.31 Single [1.00(1.00(1.00(1.00|1.00|100.0%|0.00
0.85 0.31 Single [1.00(0.89(0.78(0.89|1.00 | 91.1% |0.08
1.01 0.31 Single [0.44(0.56|0.67(0.22|0.44 | 46.7% | 0.15
0.65 0.55 Single [1.00(1.00(1.00(1.00|1.00|100.0%|0.00
0.76 0.55 Single 1.00|1.00(1.00|1.00|1.00|100.0% |0.00
0.88 0.55 Single [0.93|0.93|1.00(0.80|0.73| 88.0% |0.10
1.06 0.55 Single [0.27(0.00(0.00(0.07 |0.00| 6.7% |0.10
1.17 0.55 Single [0.00(0.47(0.47(0.33|0.33| 32.0% |0.17
131 0.55 Single [0.00(0.00(0.00(0.00|0.00| 0.0% |0.00
1.59 0.55 Single 0.00|0.00{0.00{0.00(0.00| 0.0% |0.00
0.38 1.00 Single [1.00(1.00(1.00(1.00 |1.00 |100.0%|0.00
0.51 1.00 Single 1.00|1.00(1.00|1.00|1.00|100.0% |0.00
0.65 1.00 Single [1.00(1.00(1.00(1.00|1.00|100.0%|0.00
0.78 1.00 Single [0.60(0.20(0.27 {0.20 |0.27 | 30.7% | 0.15
0.94 1.00 Single [0.20(0.47(0.27 (0.07 |0.13 | 22.7% | 0.14
1.10 1.00 Single [0.00(0.00(0.00(0.00(0.00| 0.0% |0.00
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1.02 0.41 Staggered | 1.00 ( 1.00 | 1.00 | 1.00 | 1.00 | 100.0% | 0.00
1.18 0.41 Staggered 1.00(1.00|1.00|1.00 |1.00 | 100.0% | 0.00
1.34 0.41 Staggered [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 100.0% | 0.00
1.64 0.41 Staggered 0.73(0.73|0.82(0.73 |0.73 | 74.5% | 0.04
1.92 0.41 Staggered | 0.09(0.000.00|0.27{0.00| 7.3% |0.11
0.88 0.59 Staggered [ 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 100.0% | 0.00
1.06 0.59 Staggered | 1.00 ( 1.00 | 1.00 | 1.00 | 1.00 | 100.0% | 0.00
117 0.59 Staggered [0.97 (1.00|0.97 [0.97 | 1.00 | 97.9% | 0.02
131 0.59 Staggered [0.97 (0.97 (0.97 (1.00|0.97 | 97.2% | 0.01
1.59 0.59 Staggered [ 0.55(0.48(0.28(0.31|0.31 | 38.6% |0.11
0.59 0.81 Staggered (1.00(1.00|1.00|1.00 |1.00 | 100.0% | 0.00
0.88 0.81 Staggered [0.92(1.00(1.00(1.00|1.00| 98.5% |0.03
1.04 0.81 Staggered (0.92(0.92|1.00|1.00|1.00 | 96.9% |0.04
1.15 0.81 Staggered (0.93(0.93|0.71|0.86|0.93 | 87.1% |0.08
1.28 0.81 Staggered | 0.21(0.14|0.07|0.14 | 0.14 | 14.3% | 0.05
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Appendix 7:

cle
clear all

%open image for volume analysis (make sure file is in Matlab folder)
I =imread('SLDChip 768 composite_thresh.jpg');

%calculate background profile
background = imopen(I,strel('disk’,15));

%background correction
12 =T - background;

%increase the image contrast
I3 = imadjust(12,[0.2 0.71,[]);

%threshold the image
level = graythresh(I3);
bw = im2bw(I3,level);
bw2 = bwareaopen(bw, 50);

%identify objects in the image (4 is the connectivity parameter)
cc = bwconncomp(bw, 4);

%create data structure for each trap with (area, centroid, bounding box)
Y%fields
trapdata = regionprops(cc,basic');

%establish baseline area for completely filled well (row 3 trap 8 (1 = top row, 1 =
%left row)
traparea_baseline pix = 437; %(counted in photoshop)

%baseline volume conversion for completely filled well in nano liters
vol conversion nL=11;

%filter image so that small connected pixels not representing traps are
%ignored

filter low = arrayfun(@)(trapdata) trapdata.Area > 20, trapdata);
trapdata = trapdata(filter low);

%filter image so that large connected pixels are ignored
%( anything 20% larger than a full trap)
filter high = arrayfun(@(trapdata) trapdata.Area < 1.2*traparea baseline pix ,
trapdata);
trapdata = trapdata(filter high);
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%itrap area in pix divided by the baseline area for full well times volume

%conversion
trap_vols = ([trapdata.Area]/traparea_baseline pix)*vol conversion nL;

%find mean and standard deviation of filtered data trap data (coverted to
%volume

mu = mean(trap_vols)

sigma = std(trap_vols)

%subplot of trap volume histogram

figure

%subplot(2,2,[3,4])

histogram(trap vols,14)
axis([0,16,0,220])

xlabel('Trap Volume (nL)') % x-axis label
ylabel('Trap Count') % y-axis label
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Appendix 8:

Heated Stage

COP Film
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Appendix 9
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Circuit diagram for the rapid PCR device supporting system:

Constant Current Source — In order to probe resistance of the sensor a constant current
source was used to apply a constant 1 mA load across the sensor (S* — S°). A 10V reference
voltage (REF102CP) with a high precision 10kOhm resistor (Y006910K0000JOL) in series
with the sensor element was used to accomplish this. An OP-AMP (OPA277P) was
incorporated in series with the ground pin of the REF102CP to maintain the 10V across
the circuit.

Power Modulation — 2.5V was applied to the heating elements (H" and H-) was setup to be
modulated by the sensor feedback. The sensor output would be fed into a PID algorithm
that would output a duty cycle for a n-type mosfet (FQP30NO6L). 12V was applied to the
10V voltage reference. 5V was applied to the LED and to power all of the circuit
components.

Sensor Output — Sensor leads on the device were connected to an IN-AMP (INA122P) in
order to probe the voltage drop across the sensor lead. The voltage drop was on the mV
scale across the temperature range so a 10-40kOhm potentiometer was connected in series
to define the gain such that approximately 1V was the voltage drop across the sensor for
room temperature.

Level Shift and Amplifier Circuit — An OP-AMP (TLV24711P) was used to level shift and
amplify the raw voltage drop coming off the IN-AMP to span the entire analog input range
of the Arduino microcontroller (0V — 5V). Resistors in series with potentiometers were
used to adjust the offset voltage to approximately equal the voltage drop coming off the
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IN-AMP (~1V) so that RT would be approximately OV drop and 100C would correspond
to approximately 5V drop.

Microcontroller Temperature Sensing and Control — The microcontroller read the voltage
output from the level shift amplifier and with a known 1mA constant current determined
the resistance (Ohms Law) of the sensor element. The resistance was correlated to
temperature using a calibration process to find the TCR. The Arduino used that temperature
to determine the power output to the heating elements through a PID algorithm. The
Arduino would define the temperature set points based on time keeping within the loop
structure (see Appendix 3). Images were taken at the end of the extension step.

Interfacing — A custom PCB was designed for the circuit and the PCB connected to the
chip using spring loaded contact arms.

VSP - VOFP

RGPA

—
w

i
:
|

SI6  pcse

(Top Left) Custom PCB design for rapid PCR device supporting system. (Top Right) Device interfacing.
(Bottom) Complete electrical assembly.
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Optics — The optical system for the PCR benchtop consisted of a CCD camera
(DMK41BUO02, Imaging Source, Charlotte, NC, US) attached to a 2-5X variable zoom lens
(ZOOM 6000, Navitar, Rochester, New Y ork) with a 488 nm emission filter (EM01-R488-
25, Semrock, Rochester, NY). The optics were position directly above the device reaction
chamber and connected to a micro positioner stage for fine tune focusing. Also above the
reaction chamber positioned at a 45 degree angle was an LED light source (2600N-701-
14-C2, Innovations in Optics, Woburn, MA) for with a 452 nm excitation filter (FFO1-
452/45-20-D, Semrock, Rochester, NY). The CCD camera was triggered by a 5V pulse
sent from the Arduino during the extension step and control over the shutter was defined
by the length of the pulse. Additionally, the Arduino could actuate a relay switch connected
to an LED light source (2600N-701-14-C2, Innovations in Optics, Woburn, MA, US) to
illuminate when the shutter was open.

LEIX source
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Appendix 10

The calibration process for each device consisted of 3 steps:

Burn in — This step consisted of applying varying levels of current across the heating
elements that corresponded to the temperature steps during thermocycling. Current cycling
was done to current anneal the elements instead of temperature annealing them, which was
not possible due to the temperature constraints of the thermoplastic substrate. Current
annealing was judged successful when the resistance at S0C would be equal whether it was
heated to that temperature or cooled to that temperature, in other words without hysteresis
(Appendix 1).

TCR Calculation — During this step the temperature coefficient of resistance for each chip
was determined. The device was placed in a temperature controlled oven and multimeter
leads were attached to the sensor elements. A thermocouple was placed in the oven to
measure temperature. The resistance was recorded at 4-5 temperature points and plotted
(see figure below).

126 [ .

124 | F

2122+ 1
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General model:
£(x) = 117.0%((1+{TCR*x)(TCR*41.8)))
114 - Coefficients (with 95% confidence bounds): o

TCR = 0.002164 (0.002091, 0.002238)

1 12 > 1 1 1 1 1 1 ]
30 40 50 60 70 80
Temperature (degC)

The data was fitted to the following equation:
R =Ro[1+ o(T-T0)]

With ¢, initial resistance (Ro), and initial temperature (To) a temperature model can be
formulated to correlate any resistance to temperature.

Calibration — During this step the sensor output (voltage drop) was equated to a
temperature using the a and this equation was used in the software to convert the analog
input to temperature. The temperature sensor needed to be calibrated further to achieve the
temperature accuracy required for HRMA. A temperature sensitive dye was loaded into the
chamber that would see a drop off in fluorescence at 2 temperatures. A melting routine was
run on the device loaded with the calibration dye and the melt peaks were recorded. The
recorded melting peaks were plotted against the reported melting temperatures of the dye
and fitted to a conversion equation that accounted for any temperature offset.
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